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Technical Report Summary

This report describes research conducted at Cornell University on
molecular and chemical laser systems. The objective of this work has
been to provide precise, quantitative information concerning: the
rates, and their temperature dependence, with which vibrational and
rotational molecular energy in important laser molecules is transferred
to other molecules, redistributed among the degrees of freedom of the
same molecule or relaxed by collisions with molecules or atoms; the
temperature dependence of these rates; conditions tor rapidly generating
high densities of electronically and/or vibrationally excited boron
containing diatomics and triatomics; the rates of reaction bétween
. various boron hydrides and oxidizers to provide kinetic information
relevant to new laser systems; homogeneous chemical reaction initiation
by means of laser induced gas heating.

The methodology employed consisted of laboratory experiments
utiliziug: laser induced fluoresce ice measurements; quantitative EPR
determination of atom concentrations; optical double resonance experiments;

laser heating with high energy 002 laser pulses coupled with chemi- ;

luminescence spectroscopy.

Specific technical results obtained were:

1. Vibrational deactivation rates of HF(v=1), DF(v=1l) and C0-(00°1) by
collisions with atoms such as H,0,F,C1.Br,N at T=300K .

2. Vibrational deactivation of CO(v=1) by 0 atoms over the temperature
range 273K to 390K.

3. The temperature dependence, at very low temperatures, of vibrational
relaxation in the HF-DF, HF—002 and DF—CO2 systems. These studies
clearly established the lower limit for operating temperature of
HF chemical lasers. At sufficiently low temperatures HF polymers
dominate the deactivation of HF vibrational energy with tetramers
and hexamers being the most effective.

4, Preliminary kinetic results on oxidation reactions with boron hydrides

producing electronically excited boron containing molecules were

obtained.,

The rates experimentally determined in these studies can be directly
utilized in the comprehensive modeling that is required for the

development and scaling of high power HF, DF, €0y, HF-COp, DF-CO,,
and CO lasers.
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Deactivation of Molecular Vibrational Energy by Atoms

Professor G. J. Wolga

Our primary effort during the past year was to complete our study of the

deactivation of HF(v=1), DF(v=1) and 002(00°1) by atoms. Initial study

of the deactivation of HC1(v=l) by atoms was begun also. All our work
employed the technique of laser induced fluorescence in a flow system
with atom concentration determination by EPR spectroscopy. The maijor
portion of our results has been published and reprints or preprints of
published papers are appended to this report giving complete details of
our work. In what follows, the major conclusions to be drawn from these
studies will be summarized.. Our work on HF, DF and 002 deactivation was
reported at the St. Louis Chemical Laser Conference and at the Army

Symposium on High Energy Lasers held at Huntsville on November 3-4, 1975,

A, J4F and DF, v=1

1. The rate constants for deactivation of HF(v=l) and DF(v=1) by

0, Cl1, F atoms are given below in units of sec“l Torr 1: !
~ HF (v=1) DF(v=1)
i +5 ) +5
+4 +4

= + =
kCl—HF 2.6 + 0,4 x 10 kCl-DF ol el 0k el 0
. 8 +4 4 +4
kF—HF = 0.99%£0.2 x 10 kF—DF = 2,3 %0.4 x 10

a) Rotational relaxation cannot explain these results since the

heavier molecule, DF, is relaxed more efficiently.

b) Atom exchange or abstraction reactions can be ruled out in

the cases of 0, Cl and F relaxation because the reactions

are endothermic for 0 and Cl and because the rate constants
iw for G and C1 are much larger than are those for F even though
§ the potentlal reaction® with F becomes exothermic with the
% addition of one quantum of vibrational energy. In the latter
i se these results suggest that the potential barrier for :
% reaction exceeds the excitation of the v=1 state. %
§
%:, —1—
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c) Our U atom experimental results have not shown a measurable
change of the HF/DF decay rate when atoms are present. A
null experimental result complicates the usual approximate
double exponential analysis (appropriate to the HF, H2, H system)
and we believe it is not valid under the experimental conditions
usually found in our and other studies. We have recently
developed a new method of analysis based upon a Taylor series
expansion of the slow and fast time constants which gives
promise of permitting a proper rate constant analysis if
conditions can be found such that a change in the decay rate
is observed. We intend to restudy the H/HF system under
conditions of maximum H atom concentration and minimum HF
concentration in an effort to settle this issue. Full

publication of our H/HF results awaits this better data.

d) In the cases of 0, Cl and F atoms both spin-orbit split states
must be considered to contribute to the deactivation. The
higher lying spin-orbit states are far from resonant with the
v=1 states of HF and DF and thus simple and unspecific
vibrational relaxation has beeg assumed in our analysis. This
is not true in the case of Br( 3/2) deactivating HF(v=1)
where the Br( 1/2) state is closely resonant with HF(v=1) and
we have seen and reported very rapld V-+ L energy transfer in

thls system.

B. C02(00°l)

" 1. The rat: constants for deactivation of C02(00°1) by 0, C1, F,
H, D ana N atoms are given below in units of sec t Torr L :

+3

kp-co, = 6:69°% 1.2 x 10°
5
keyog, = 491 %13 % 10
Kp_ oo, = 1.04 % 0.9 x 10
"‘“402
A 3
kyco, = 33%3x10°
< 3
kp-go, = 20 %10
2%
kN—COZ < 9.6 x 10

T AT =R
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a) In the cases of H, D and N no change in the decay rates were
observed when atoms were present in contrast to the experiments

with 0, Cl and F atoms.

b) Landau-Teller Theory is an unlikely explanation for the very
large rate constants observed with 0 and F and Cl atoms.
Unrealistic interaction parameters would be required to

explain our experimental results.

c) Chemical reactions are not likely in the cases of Cl and F

relaxing C0, because of the large endothermicity of the reactions.

The reaction

€0,(00°1) + 0(°P) + 0., + CO

2
is only slightly endothermic but the reverse step is known to

be very slow whicl discounts the possibility of the forward

reaction.,

d) The large rate constants observed with P state atoms (0,C1,F)
and the small rate constants observed with S state atoms (H,D,N)

suggests a vibronic mechanism discussed in C below.

e) Nothing definite can be said concerning the relative relaxation
efficiencies of the two spin orbit states present in the cases
of 0, F and Cl. However, a fast V+E energy transfer mechanism
is probably ruled out because of lack of energy resonance and

because only a single exponential decay was observed.

C. General Conclusions

1. Most of our work so far reported substantiates the view that
: a vibronic energy transfer mechanism is important when the
deactivating atoms possess degenerate orbital angular momentum.
This concept was proposed by Nikitin on the basis of data for
other systems but ties our work together as well. Thus atoms
like 0, Cl, and F are more efficient relaxation partners than
are H, D and N. A quantitative theory of the vibronic

relaxation mechanism for the atom-molecule pairs we have studied

does not exist at this time.

T g ™ N T T Y .




e —

.-.[‘—

2. When the relaxation of HF/DF are compared to that of €0, (00°1)
with the same atoms 0, Cl and F we find that 0 relaxes HF/DF
most rapidly and COZ(OO°1), least rapidly. F atoms are least
effective in relaxing HF/DF while Cl atoms are the fastest
relaxers of COZ(OO°1). It is hard to understand these results
without including details of the interaction complex of
molecule—atom during the collision. Such details will most
likely include effects like Nikitin's vibronic interaction
including curve crossings between different electronic states
and are unlikely to be effectively described by the rather
simple potential surface calculations that are usually invoked

to explain and predict experimental results.

HCl relaxation by atoms

We have performed preliminary experiments on HC1(v=1) relaxed by
H, 0, C1, F and N. In most cases relatively large effects were
observed due to the presence of atoms indicating that useful
results can be obtained from our experiments. However, these
preliminary results suggested that reactive collisions with the
atoms were occurring and thus more careful studies were required
to separate the rate constants for reactive collisions and
ordinary vibrational relaxation. Since reactive collisions can
be studied in flow systems like our own we shall continue this

work during the next contract period.
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Vibrational relaxation of C0O,(001) by atoms

M. |. Buchwald and G. J. Wolga

Cornell University. lthaca, New York 14853
(Received 17 December 1974)

The laser Mnorescence teelmique coupled with ESR detection of atoms has been used to measure the

vibrational relaxation of CO,(001) by O('P), CI(P), and FCP). The rates are keo.o = 6.69¥10°
(scc-Torr) !, kco, o = 4.91X10%(sec-Torr) ' and ko, v = 1.04X10* (scc-Torr)~'. These rates are
much faster than those of rare gas atoms of similar atomic weights. Mcasurcments were also made

establishing limits for the relaxation of CO, by 11(2S), D(2S), and N('S).

. |. INTRODUCTION

Current interest in the rates of vibrational relaxation
of molecules by atoms dates from the study of the re-

* laxation of molecular oxygen by atomic oxygen of Kiefer
and Lutz® in 1967. Researchers in the fieid of upper
atmospheric chemistry and gas lasers have been active
in pursuing these data and the recent literature contains
several of these rates.

Both electrical discharge and chemical transfer CcO,
lasers involve the production of substantial amounts of
atomic and radical species, in the former N atoms, in
the latter H, D, and F. Knowledge of atom deactivation
rates is therefore required to satisfactoriiy model these
as well as other important laser systems.

Above the stratosphere large concentrations of O at-
oms are maintained by the photolytic decomposition of
ozone.? The relaxation rate of atoms on CO,, O, N,
and O, may have an important effect on both the thermal
balauce and through the vibrational temperature of 0,
on the chemistry and constituents of this important at-
mospheric layer. Very recent evidence of the presence
of freons at this altitude gives the measurement of chlo-
rine atom vibrational relaxation rates additional im-
portance.

Some of these previously measured atom-molecule
vibrational reiaxation rates®* are anomalously fast and
exhibit unusual temperature dependencies. Several sug-
gestions have been made for mechanisms of vibrational

- relaxation when one of the coliiders has an unpaired
electron, Cliemical :heorles imply that eitner a chemi-
cal reaction takes place with the aid of vibrational ex-

< eliution ve w utnble Lilarmedinte by fosmoed, i Hrst
type of mechanism can bz inade apparent by isotopic
substitution and the second can usually be detected by
spectroscopic means.

As Nikitin® has pointed out, vibronic mechanisms of
vibrational ¢nergy transfer from ground electronic
states at thermal velocities become possible when one
of the colliding species contains degenerate electronic
angular momentum.

We will contrast atom-CO, relaxation rates between
atoms with L=0 and L#0.

With the addit /n of the data presented here, C0O,{00°1)
vibrational reiaxation is probably the most widely
studied® energy transfer process. Although CO, is not
the most amenable molecule for quantitative calculation

2828
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of relaxation rates we can, as a result of the data now
avaiiable, begin to make some general statement about
differ.ent classes of relaxers.

. EXPERIMENTAL

These experiments were made under fiowing gas con-
ditions (Fig. 1) at room (298 °K) temperature. The flow
tube was 11 mm i.d. quartz with Suprasil in the eiectron
spin resonance (ESR) cavity. Downstream of the micro-
wave discharge the flow tube including the section pass-
ing through the ESR cavity was entirely lined with thin
Teflon tubing during the atom measurement. During the
fluorescence measurement the Teflon lining which ob-
scured the optical cell windows was removed. The cell
was constructed from a standard stainless steel “T”
vacuum connection and the three optical windows were
1.25 em Irtran-2 disks.

The optical cell is lined with Teflon during the ESR
measurement to eliminate the possibility of effective
wall recombination of atoms,

The diatomic gas to be dissociated was mixed with
helium upstream of the microwave discharge {1 stan-
dard Evenson type cavity operating at 2443 MHz) and
CO, was injected downstream of the observed plasma.

The system is capable of high flow rates (40 m/sec)
but the flow was usually throttied downstream of the
ESR cavity to less than 10 m/sec by narrow bore tubing.
This was done in order to permit long enough window
transit timee go that the removal of excited CO, mole-
cules from the detector Tield of view by the flow did not
compete with vibrational relaxitiom,

CO, pressures were varied from 4 to 15 Torr. The
pressure of the diatomic gas plus the helium carrier
was always less than 3 Torr. Microwave power de-
livered to the flow tube varied from 20 to 100 W. Ad-
justing microwave power aliowed us to vary the atom
concentrations over a factor of up to 3 without altering
the initial constituents. Flow conditions did not change
with discharge power because the atom concentration
was always a small fraction of the total flow.

The ESR spectrometer was of the homodyne type.
The klystron frequency was 8968 MHz and was locked
to the ESR cavity. Magnetic field modulation was at 10
kHz. The spectrometer sensitivity was calibrated ab-
solutely with molecular nxygen using the technique de-
tailed by Westenberg.” et :

Copyright ® 1975 Ainerican Institute of Physics
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MICEROWAVE OPTICAL ESR
ISCHARGE Coy INLET CELL CAVITY F1G. 1, Schematic repre-
( B i e SO sentatton of the as flow sys-
- resssss T tem uscd in this work,
; e, =
' Mimm 1D (TEFLON SUPRASIL
OUARTZ LINING OQUARTZ

The measurcment of hydrogen, deuterlum, and nitro-
gen atomn concentrations required special care because
of the low saturation® parameters of the mlcrowave
transitions. Microwave power was lowered untll a con-
stant (with variation of power) apparent concentration

© was measured., Saturation could also be detected by an
increase in signal strength when molecular oxygen was
lnjected just before the ESR cavity. The oxygen mole-
cules are effective at both broadening the microwave
transltion and relaxing the upper state.

It was not possible to isolate a single atomlc chlorine
absorption line due {9 severe pressure broadening and -
the close spacing of Lines. Instead the entire chlorine
spectrum’ of 24 lines from both isotopes was recorded
and reduced to an atom concentration.

Several laser fluorescence decay measurements were
mmade for each initial compositlon. Fluorescence wis
first recorded with no microwave discharge, and then
under several different levels of microwave excitation,
The CO, laser was of the transverse pln discharge type.
Laser output at 10.6 p was 40 mJ In each 5 isec pulse
(FWHM) at a frequency of 2 Hz, Fluorescence at 4.3 p
from the CO,(001)~ (000) transition was detected by
a photovoltale 77 °K In~Sb detector and averaged using
a Biomation 8100 digital transient recorder and a North-
ern 575 signal analyzer (sce Fig. 2). For each fluores-
cence decay rate measurement 128 fluorescence pulses
were averaged yielding signal to noise ratios of better

* than 100 to 1, Semilog plots of laser fluorescence
counts vs time were made over a range of 40 or more
to extract decay rates.

)

Pressures were measured with a 0.1 to 20 Torr range
Bourdon tube type Wallace and Tiernan gauge which
was calibrated by a2 McLeod gauge,

The fractional change ln atoin concentration hetween
the optlcal cell and the ESR cavity 6 cm downstream
was obtajned by use of a measured atom recombination
rate coefficient per unit length in the Teflon lined tube.
Decreases In atom concentration due to the 6 cm of Tef-
lon lined tube was always less than a 20% correction to
the measured atom concentration.

Microwave discharges in the carrier gas alone (heli-
um) made no detectable change 1n the observed CO, re-
laxation. This attested to both the purity of the carrier
gas and the lack of heating downstream of the discharge
in the optical cell. This also demonstrated that the Co,
was being Introduced far enough downstream so that 1t
was not being dissociated hy the micrawave plasma.

CO, was Linde Coleman Instrument Grade. Hellum
was purifled through llquid nltrogen covled activated
charcoal. Nitrogen, hydrogen, chlorlne, fluorine, and
oxygen were Linde ultra high purity grade. Deuterium
was Matheson technical grade,

. ANALYSIS OF RESULTS

Atom-molecule rate constants were easily extracted
from measurements. 'The observed change in fluores-
cence decay rate due to the microwave discharge 1s
given by

HELIPOT BIOMATION
PERRY AMP PERRY AMpP 866 8100
730 AUTO BIAS PREAMP, 450 AG POWER AMP TRANSIENT RECORDER
NORTHERN R PR ARy il
SANTA BARBARA 575 F1G, 2, Schematic (l.mgx.tm
In-Sh 77°K DIGITAL of the signitl procesgi=g elec~
PHOTOVOLTAIC SIGNAL tronics used in ihis work,
o " ANALYZER
TEXAS
INSTRUMENTS
700
DATA
TERMINAL
J. Chem, Phys., Vol. 62, No. 7, 1 Aprit 1975
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FI1G. 3. A plot of the relaxation rate of CO,(00°1) due to O
atoms vs O atom partial pressure.

X
A Rate= "l"COz-x;; [—'21 +kcoz-x [X], (1)

where {X] is the atom concentration in Torr, A Rate is
the increase in exponential decay rate in sec™, kgo =¥,
is the reduced relaxation rate constant of CQ, in X, in
(sec-Torr)™, and /‘coz-x 1s the reduced relaxation rate
constant of CO, in X in (sec-Torr)™?,

The rates of relaxation of CG,(001) by H,,° 1,,° O,,°

CHLORINE ATOMS

L)

Rote x 10" (sec™)

1 1 L L 1 I 1
002 003 004 005 006 007 008

Torr Atoms

FIG. 4. A plot of the relaxation rate of 002(00°1) due to Cl
atoms va Cl atom partial pressure.

: 1
GD 0.0l

FLUDRIME ATOMS

Rate x 10 (sec”')
5

2_
I.-
0 1 pr:: I 1 1 I
0 0! 02 03 04 05 06

Tarr

FIG. 5. A plot of the relaxation rate of CO,(00°1) due to F
atoms vs I atom partial pressure.

Cl;," and F, ! have all been measured. In the cases
of chlorine, fluorine, and oxygen atom relaxation of
CO,, the loss of diatomic molecules to atoms made only
small ¢ontributions (<2%) in caleniating reduced atom-—
molecule relaxation rates,

Figures 3, 4, and 5 glvethe experimental results for oxy-
gen, chlorine and fluorine atoms deexciting CO, and are
Summarized in Table 1.

The relatively large scatter in the chlorine data is
attributed to several sources. The microwave dis-
charge in chlorine was both inhomogeneous and unstable
depending critically on the tuning of the discharge cav-

TABLE I. A tzbulation of meusured rate constants for the vi=

brationul relaxation of CO,(00°1) by atoms with unpaired elec-
trons,

*co,x
C0,(001) +X —=—~COy(m,n, 0) +X

X kco,~x(this work) kco,-x(other work)

o 6. 691, 2X 10)sec-Tory)"! 6. 25% 10%(sec~Torr)"!
i (Ref, 12)

Cl 4,91£1,3%10°

F 1,04 ,08% 105

Na : 8% 10%(Ref, 13)
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ity and sensitive to vibration. The broadening by CO,
and the low atom councentrations aehieved made atom
coneentration measurements less reprodueible. In ad-
dition, effective heterogeneous reeombination of chlo-
rine atoms at the tube walis nroduced a nonuniform ra-
dial atom distribution aeross the tube whieh influeneecd
both the ESR and fiuorescent decay measurements sinee
the observed gas sample was not uniform.

Wien molecuiar oxygen, mixed with helium, passes
through a mierowave discharge 0,('a,) 1s formed in ad-
dition to O(*P). This exeited moleeular species is rel~
atively stable with respect to wall and gas eollisions
and 1s present in substantiai eoncentrations (~0.1 Torr)
together with atomic oxygen. In order to determine if
0,('4,) had a role in the vibrational relaxation, the flow
tube was lined with a thin ring of mereurie oxide ap-
proxlmately 1 em wide dow.istream of the mlerowave
diseharge. Complete absence of oxygen (*P) atoms with
no change in OZ(IA,) concentration was eonfirmed by
ESR deteetion. Under these conditions no change in
CO0,(001) relaxation from the no diseharge condition was
observed, removing O,(*A,) from eonsideration as an
cffecetive relaxer.

No ehanges in apparent fiuorescence rates were ob-
served when H,, D,, or N, was diseharged. Inorder to
maximize sensitivity these measurements were ex-
tended to the regime of slowest observed relaxation
rates and highest atom eoneentrations. A limlt was
reaehed since maximization of these two eonditions eon-
flieted. Inereasing the atom eoncentration requires In-
creasing the fiow veloeity. Lowering the relaxation
rate involves both lowering the pressure and slowlng
the flow speed to allow an adequate residence time In
the optical eell.

Assuming that we ean measure a change in rate of
more than 2% and using the known values of Fgg,—x, We
ean set limits on the I, D, and N relaxatlon rates of
CO,(001). The results are summarlzed In Table IL

V. DISCUSSION

The vibrational relaxation of CO; is eonsiderably
more eoniplex than that of a diatomie molecule. SSH
ealeulatiors show that if the process:

C0,{001) + CO,(000) ~ 2 CO,(000) (2

were the only path of relaxation CO, would relax as
slowly as CO and consequently less than 107 tlmes as
fast as is observed.

Huetz-Aubert and co-workers,“ by utllizing aeoustie,
laser fluoreseenee, and speetrophone data have shown
that CO, must be treated as having two reservoirs of
vibrational energy. One reservoir eontains the asym-
metric stretehing mode, the other the symmetrie stretch
and bendlng modes.

Two important routes of relaxing CO,(001) are

C0O,(001) + X~ CO,(11%0) + X+ 272 em™ {3)
and
CO0,(001) + X~ CO,(03°0) + X +416 em™. (4)
B I"?"":""" TR .., 4 pd t

These processes as well as other pathways involving
multiquantum vibrational state ehanges are not ecasily
amenable to eaiculatlon.

We can however, test some qualitative predictions of
relaxation meehanisms by attempting to explain the
rates summarized in Tables I and IL

A. Landau-Teller theory

Landau-Teller, or impulsive type theories distinguish
between atomie eflliders only on the basis of mass and
interaction parameters. Since the range for deuterlum
relaxing CO, suggests that the hydrogen rate will falt in
the lower part of lts range we ean separate our results
Into two classes (see Tables I and 11). Hydrogen, deu-
terium, and nitrogen—all atomic S states—relax CO,
much more slowly than the atomie P states including
oxygen, chlorine, and fluorine.

Estimates from extrapolating rare gas relaxation ef-
ficlenelies fall into the ranges measured for hydrogen,
deuterium and nitrogen. The rates due to atomie P
state atoms, however, are faster than any rare gas
atom and would requlre unrealistie interaetion param-
eters to explaln their high effieieney. Other meehanisms
must be eonsidered.

B. Complex formation and chemieal reactions

Complex formation through the existence of strong
attractive potentials between CO, and O, Cl, or F must
be eonsidered. We have, howeve-, measured the pres-
sure broadening coefflcient of CO, on the atomie fiuo-
rine ESR lines. It was found to be 5.85 Miz/Torr.
Helium, for eomparlson broadens F atoms as 2,26
MHz/Torr, No frequeney shifts were observed. Oxy-
gen and ehlorine showed similar broadeniag behavior.
We would expect line shifts and mueh more severe
broadening effeets 1f long lived complexes formed and,
therefore, fee! we can diseount the possibility of ecom-
plex formation.

Arnoldi and Wolfrum?!® have measured vibrational re-
laxation and ehemieal reaction of HCl{v=1) with hydro-
gen and oxygen atoms. Time resolved measurements
of both atom eoneentration and HCl laser indueed fluo-
reseenee were simultaneously reeorded. The apparent
relaxation of HCl{v=1) by Oxygen atoms was shown to
proeced by the reaetion:

HCl{v=1) +OFP)~ OH +Cl. (5)

The possibility of ehemleal reactions ean be disinlssed
in the cases of Cl or F relaxing CO, on the basis of

TABLE 1. A tabulation of measured rate constants
{titls work) [or the vibrational relaxation of C0(00°1)
Dby S-state atoms with unpaived clectrons. These de-
terminntions only give limits for the rate constants
because the addition ol atoms to the flow give no mea-
surabio change to the relaxation rate,

F coy-n = (3.3 3)X 10" (sec-Torr)™!
koopn=2.0% 10® (sce~Torr)™!
kcopn S9.6% 10%(sec-Torr)"!
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TABLE HI. Spin orbit splitlings in the V. CONCLUSION
ground cleetronie state of halogen atoms, d
The coupling of laser induced fluorescence with clece-
Species Spin orblt splitting(s), em! tron spin resouance has allowed us to measure unusual
- o P T b =0 rcl:txfttion proccss.:es. Our experiments have shown
¥ 105.0 ' chloviue and fluorine to rank anymg the most effective
l 881 0 reluxers of CO,(001).
This experimental technique is both versatile and
sensitive and may be extended to otlier atomic species
large endothe rmicity. and free radicals. Measurement of relaxation rates
over a temperature range of -100° to 400 °C may be
The reaction: possible with smali alterations in proccdure. These
C0,(001)+ 0L P)~ 0, + CO (6) temperature studies may well produce the best evidenec

is only slightly cndothermic (2 keal) but the extremely
slow reverse slep discounts uny possibility of reaction.

Experimental evidence was also obtained which elimi-
nates the possible cffcet of atoms or soma nther dis-
charge products reacting with unexcited CO,. Maxi-
mum values of the laser induced fluorescence are quan-
titative indicators of the CO, concentration and may be
measured to an accuracy of better than 1%. Under
our experimental conditions we did not observe any
change in CO, concentration. Wc can, therefore, dis-
count any chemical reaction with CO,.

C. Vibronic mechanisms

The very cffective relaxation of CO, by atoms in clce-
tronic P states suggests interaction between elcctronie
and vibrational degrees of freedom. Nikitin® suggests
that relaxation takes place via a potential crossing
madc possible by the splitting of previously degenerate
levels of 1ve atum-melecule systemn. Other vibronic
meclanisias have been suggested. Fisher and Smith!®
have proposed an jonic curve crossing model which pre-
dicts 1 ery high cross secrions for alkali metals re-
laxing N,(v=1). This mechanism has been invoked by
Benson!® and co-workers to cxplain the efficient relax-
ation of CO, by Na atoms (Table I). Adiabatic relaxa-
tion cfficiencies may be enhanced by vibrational to clec-
tronic encrgy transfer where some of the vibrational
cuergy is converted tn excited spin orbit staics of the
colliding atom. Inour vdse oxygen, chlorine and fluo-
rine have low lying spin orlit states (Table IT11). Tlis
type of process has already been observed in the bro-
mine atom-hydrogen halide system.78

(alculation of the rates due to vibronle mechanisms
demands preeisc information on atom-molecule poten-
tials and is outside the scope of this paper. We ean not
distinguish between these mechanisms, all of which may
have a share in atom-molecule rclaxation processes.

J. Chem, Phys,, Vol, 62, No. 7, 1 April 1975

toward understanding the meehanism of vibrational re-
laxation of molecules by spceics containing unpaired
electrons,
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A resonance effect in electronic-to-vibrational energy *ransfer.

Deactivation of HF(v =1) by Br(*P
G. P. Quigley* and G. J. Wolga

3/ 2)

Laboratory of Plasma Studies, Cornell University, Ithaca, New York 14853

(Received 16 Junuary 1975) :

This letter reports direct evidence of the existence of
a resonance effect in energy transfer from the vibration-
al to electronic mode. Experiments have been per-
formed in other laboratories! which glve direct evidence
of efficient £~ V transfer in the relaxation of Br(?P,,,)
by liCl und HBr, However, these processes are not
resonant,

The spin-orbit splitting in Br(®P,,,~ 2P,,,= 3685 cm™)
is highly risonant with several possible vibration rota-
tion transitions in HF, This fact was used to explain the
efficiency of Br relaxing HF(»=1) in recent shock tube
experiments, 2

1t should be pointed out that a similar situation exists
between these same spin-orbit coupled states of Br and

The Juurnal of Chemical Physics, Vol, 62, No. 11, 1 June 1976

vibration rotation transitions in H,. Recent theoretical
work™* on thin system has shown that quantum resonarce
effects should be expected in electronic-to-vibrational
energy transfer processes of this type.

A description of the apparatus used in this experiment
has been given elsewhere, ® Basically, an HF chemical
laser was used to excite HF to v=1, A microwave dis-
charge in the flowing mixture of Br;, and an argon diluent
was used to produce the Br atoms, The HF was injected
into the Br + Bry +Ar flow downstream of the discharge

and thoroughly mixed before laser excitation,

The results after signal averaging for a typical set of
cxperiments are shown in the oscilloscope photograph in
Fig. 1, The top trace is a simple exponential decay of

Copyright © 1975 American institute of Physics
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This double exponential behavior is not found in the
deactivation of HF(v=1) by O, F® or ClL, 8 cases for which
a resonant cnergy transfer process is not available, It
is characteristic of systems, e.g., COp: Ny, "HF: H,®
where resonant v-» energy transfer occurs. Since the
chemical reaction Br+HF(p=1)~ HBr+ F is 37 keal
eidothermic, a reactive coilision is nol a likely explana-
tion for the fast rate. In combination, these faclors
support our conclusion that the fast process observed is
the resonant V- E cnergy exchange process (1).

A possible resonant E-—V process is
"l
HF(v=1, J=5)4 Br(*ry,) #HF(v=0, J=6)+Br(%r),)
a

AJ=1, AE= -9 cm™, vy . -

Other near resonant processes can be found closer to

FIG. 1. H¥ (v=1) lascr induced fluorescence signal Inthe pres-  the peak of the Boltzmann distribution in rotational lev-
encc of i1F (¢ =0), Bry, Br, and Ar. versus time. Top trace els, and this experiment cannot identify the relative im-
without brominc atoms, S\lccccding.traceg dispiay the cffect of portance of each of them, It is assumed in what follows
increasing bromine atom concentration. Total width of traco that Process (1) is the domlnant one. Rotational relax-
(inctuding baseline® is 220 psce for top trace and 110 psec for [ ; h . *
bottom Micee Lrades, ation consideration aside, the reasons for assuming (1)

to be dominant is that the energy defect is smallest and

the transition Involved is identical to one of the laser

lines used to pump the HF(1P6).

"HF(v=1) in a2 mixture of Bry+Ar +HF(v=0), i.e., the Using this, and the consequent assumption that &, =&/,

discharge is off. In separate experiments, the rate con- the analysis of the fast time constant in the usual way® !

slant for relaxation of HF(»=1) by Br, was found to be glves

3.5+0.8%10° sec™ - Torr™. The rate constunts for Ar® (1/1,)

and HF(»=0)" have been measured and are =60 sec™! k¢=-—TI.J— ) (2) 1
- Torr™ and 6. 0x10* sec™ - Torr™, respectively (T , Poc+ Pug

=300°K in this experiment), Thus, the partial pressure where 7, is the time coustant for the fast decay, Pyy is

of HF can be found from the decay time of the single ex- the partlal pressure of IIF, and Py, 1s the partial pres-

ponentlal, sure of Br. Py, is measured by an electron paramag-

netic resonance spectrometer.® The assumption that
P p

E - V processes are much faster than all ¥~ R, T pro-
cesses is implicit in (2),

Referring again to Fig. 1, the lower three traces are
double exponential decays of IIF(v=1) in mixtures of Br,
+Br+Ar+HF(v=0). The fast exponential is caused by

rapid energy exchange from the vibrational mnode of HF Figure 2 shows a semilog plot of the HFF 1~ 0 R~
1o the electronic mode of Br, The slow time constant branch laser induced fluorescence as a function of time
Is duc tothe V=R, T and E~ T processes which relax for the single exponentlal decay and one of the double ex-
the energy pool set up by the equilibrium between ponential decays (the top one). These and other data are
HF(v=1) and Br(®p,,,). . readily analyzed to give a prellminary number of k,=1.0
[ 4 20 usec 10p5ec
ak N f——] e
6} "-_

L

| No Discharge
T =|28sec
2r Pyr =0.13 Torr Discharge on
Ty = 3.9usec
t Ty = 824 usec
Pﬂr =024 Torr ‘
| i L o0 | 1 1 A i i : i i i

TG, 2. Semilog plot of laser induced fluoroscence signal versus time. The data plotted are tho top two traces of g, 1,
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+0.5%10° see™ . Tore™, Taus the E— V transfor pro-
eess oceurs Inabout six or seven gas kinetic collisions,
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The deactivation of HF(v=1) and DF(v=1) by O, Cl,

and F atoms
G. P. Quigley* and G. J. Wolga

Laboratory of Plasma Studies, Cornell University, Ithaca, New York 14853

(Received 24 June 1975)

The retaxation of vibralionally excited HF and DF by O, Cl, and F atoms at T == 300°K has been

measttred by the laser induced fluorescence method. The rate constants in units of cm® molecule™"see ™!

for HE(v = 1) are kg gy = 3.1:£0.6 X 10712, k¢ == 7.4 1L6X 107", kg 1p = 2.8:£0.6X 107", for DF(p= 1) they
ore ke = 7.842.2X 107", ke pp=2.020.3% 1078, kg ;= 6.541.2X 1073 The resulls pravide further
evidence for the validity of a vibronic lo Iranslalional energy transfer mechanism. Atom transfer reactions

are shown 1o be of no importance.

I. INTRODUCTION

The relaxation of vibrationally excited molecules by
potentially reactive atoms has attracted wide Inter-
est.!”!% These processes are particularly important
from the standpoint of elucidating the mechanisms for
energy transfer involving chemically reactive species,
of which little is known,

Chemical lasers contain large concentrations of high-
ly reactive atoms. It is important to know the effect of
these atoms on the decay of the vibrationally excited
molecules in order {o accurately characterize these la-
ser systems for the purpose of predicting performance
and optimizing efficiency.

Another area of intensive study is in determining the
importance of reagent vibrational energy in chemical
reaction rates. Since the vibrational relaxation of a
molecule by an atoin can in some cases proceed via a
reactive route, experiments on these systems can shed
some light on the efficiency (or lack thereof) of vibra-
tional energy in accelerating chemical reacticn rates.

The experiments reported Lere involve the meéasure-
ment at room temperature of the rates for relaxation of
HF and DF by F, Cl, and O atoms. The relative
quenching efficiencies of these atoms, as well as the
isotope effect on going from HF to DF, lends further
support to the vibronic mechanism® first proposed by
Nikitin, !*'!2 Further, it is shown that the reactive
channel for relaxation is not of importance for interac-
tion between O, F, and Cl atoms and HF(»v = 1) or
DF(v=1).

H, CAFERIVENTAL

In an earlier paper, ® a simple expression was cb-
tained for the rate constant for deactivation of HF (or
DF) by an atom X. This is given by Eq. (7) of Ref, 5
as :

1

1
Tp To

}"11"'[}1(_]’ +3 kg, 1)
where ky, is the rate constant for deactlvation of
HF(»=1)orDF(v=1}bytheparent molecule (X,), [X] is
the atom concentrziion, 7, is the laser induced fluores-
cence decay time of HF(DF) in the presence of atoms,
and 7, is the laser induced fluorescence decay time of
HF(DF) wilh no atoms present, Thls expresslon is

correct for all cases except those which involve near
resonant energy transfer processes resultlng in double
exponential fluorescence decays. All of the systems
reported here exhibit a single decay, and the rate con-
stant for atom deactivation is given by (1). Thus, the
determination of %, involves the measurement of four
quantities (ky, , 75, 7p, [X].

The rate constant for relaxation by the parent mole-
cule is found by a laser induced fluorescence (LIF)
measurement under quasistatic flow conditions, Table
I gives the results, In all cases, these made a negli-
gible contribution to %,

The other three quantities were measured under fast
flow conditions in a system whose over-all block dia-
gram is shown in Fig, 1, A brief description of this
system was given in Ref, 5, Both the decay time by
LIF and atom concentration measurements were made
using the same flow system, The LIF measurement
was done in the downstream section with the flow rates
set by the pressures P, and P;. The HF(DF) was ex-
cited by a transverse discharge chemical laser which
Wwas upeTated multiline and whose gas tlow, SFg and H,
(D;) mixture, and pulse repetition rate were adjusted to
give optimum v=1-p =0 laser output,

The decay time of the fluorescence was first mea-
surcd in the flowing Ar +X, + HF (DF) mixture. This
yielded 73, The decay time in the presence of atoms
(7p) was then found by striking a microwave discharge
upstream of the HF(DF) injection port in the Ar +X,
flow. The flow conditions before and after the dis-
charge was turned on were identical since the dissoci-
tion of X rosulbted in & neglighly #limnge: eompared (o
the total flow which was dominated by the argon diluent,

TABLE I, Relaxatlon ratos for parent
molecules, *

Xz ku for HF I"ﬂ for DF
cl, 1,0£0,2%10°%% < 1,2x10°140
F, <3,1%10°1513 <8x10715®
0, 12 w105 <1,6x104"

*Ralo constants are in units of ecm® mole~ .
cule”! - sec™,
b This work,
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| ATOM CONCELTRATION BY EPR

DECAY TIME OF LASER iNDUCED FLUORESCENCEl

FIG. 1, Over-all block diagram of the system,

The atom conceutration was measured by EPR meth-~
ods' in the upstream scction of the flow tube. All flow
conditions determined by pressure Ineasurements 2,
and P, were reproduced exactly at P, and P, respec-
tively. This section of flow tube was identical to the
downstream section except that an EPR microwave res-
onant cavity was in the same location relative to the mi-
crowave discharge and HF/DF injection port as was the
sapphire window of the monel fluorescence cell,

Figure 2 shows a detailed block diagram of the EPR
spectrometer. This spectrometer is of the homodyne
type which uses an X-hand klystron locked by a com-
mercial stabilizer to the resonant frequency (8,975

trometer is sensitive only to the absorption and not the
dispersion of the paramagnetic atom, As the amplitude
modulated (10 kHz) de magnetic field is slowly swept
through a I'esonance, the output of the lock-in amplifier
traces out a curve which is proportional to the first de-
rivative with respect to the magnetic field of the imag-
inary part of the paramagnetic susceptibility x;;. The
absolute atom concentration is proportional to the dou-
ble integral of the recorded output of the spectrometer,
The proportionality constant is dependent on instrumen-
tal parameters and can be eliminated by calibrating the
system with the paramagnetic molecule O, filling the
sample volume at a known pressure,'® The sample vol-

ume is a 10 mm i.d, quartz tube (with a thin walled

GHz) of the high @ cylindrical cavity. Thus, the spec- Teflon tube insert) passing through the EPR cavity
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FIG. 2. Block diagram of the EPR spectrometer,
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along the cylinder axis, Owing to wall recombination,
the [illing factor for the atonis is nol the same as tlat
for O, since, for the former, there is a density grad-
ient along the radial and longitudinal {flow) directions.
The error introduced by this diserepancy is made neg-
ligible by the Tefton insert which reduces wall recom-
bination significantly, The loaded cavity @ (12000 with-
out the Teflon tube) is degraded by 15% as a result of
the Teflon, and since the minimuni detectable slgnal is
proportional to @', the seusitivity suffers somewhat,
However, the atom concentration was so large in all
cases (- 0.1 Torr) that it was nowhere near the mini -
mum detectable concentration (== 0,01 Torr), and hence
excellent sigual to noise ratios were obtained with mod-
erate lock~in-anmplifier time constants (<100 msec),

Taking the ratio of the unknown atown concentration to
the known O, concentration, one [inds

Ny _ Q¢  [ISydH'du
Noy Qo [ISoddH

(2)

where @, and @o, #re the theoretical intensity factors
for the atom and O, resonances, respectively; S, and
st are the recorded EPR signals which are proportion-
al to the corresponding resonance derivatives dxy;/dn.
The @ factors are tabulated by Westenberg!® for all
species of interest,

The above analysis assumes that the Zeeman levels
are in thermodynamic equilibrium. Thus, effccts such
as suturation of the cpjtn syutem owing to filgh luleasity
microwave fields will lead to significant errors, This
problem is particularly important for paramagnetic
species which have spin-lattice relaxation times on the
order of the residence time in the PR cavity, The mi-
crowave powers used here are well within the limits im-
posed by such saturation effects and do not constitute a
problem, For a more detailed account of the experi-
mental techniques used with this EPR spectrometer,
consult Ref, 16,

Most of the gases used were described in Ref, 5, To
that list, the following should be added: Cl;; Matheson
Uil High Lunity (purity >99,9%), no furtherpurifica-
tion; DF: Merck, Sharpe and Dohm (purity 298%), fur-
ther purification by trap to trap distillation between
77 °K and 195 °K.

Typical dimensions in the flow system were as fol-
lows: the distance from the HF/DF injection port to the
EPR cavity or the {luorescence window was about 20 cm;
Hie midcrowave dischaige wok place in a 10 mm i,d,
quartz tube and was located approximately 10 ¢m from
the HF/DF injection port, All other tubing was either
quartz with a Teflon insert or solid thick~walled Teflon
tubing. The flow did not come into contaet with any
metal surfaces,

Typical flow speeds were on the order of 10 m/sec.
The HF(DF) concentration was rarely more than 1% of
the total flow, Atom concentrations were typically
greater than the HF(DF) concentrations.

The heating of the gas by the microwave discharge
could have presented a problem slnce the expression for

the atom concentration (2) iy temperature depeudent,
Also, the self-relaxation rates for HF and DF are high-
ly temperature dependent, ' and this would give a false
change in the LIF decay time, This was not cousidered
to be a significant problem, since wany different dis-
charge and flow conditions yiclded consistent data, as
shown in Fig. 3 of Ref. 5,

Finally, an additional source of concern was the pos-
sibility of an effect due to the production of electroni-
cally and vibrationally excited etastables in the micro-
wave discharge which could survive long enough to
transfer their energy to HF(DF) in the fluorescence ro-
gion and result in a change in the LIF decay time inde-
pendent of atom effects, It was assumed that all vibra-
tionally excited molecules produced in the discharge
were collisionally quenched by the HF(DF) or the atoms.
before they reached the laser illuminated region,

The only electronically excited metastabie which
could have presented a problem was 0,(*a,). Experi-
ments in this laboratory indicate that this electronic en-
ergy is rapidly transferred by near resonant E~ V pro-
cesses to v =2 of HF (and perhaps to v=2 of DF). Sub-
sequent rapid quenching of the HF and DF by the atoms
and ground state HF or DF completes the relaxation
process. Furthermore, the insensitivity of our atom
deactivation efficiencies to widely varying experimental
conditions (partial pressures including that of the dilu-
ent, and discharge power) that would affect the relative
stons 16 O 4, Y eomcentrution suggest that O('a,) was
not an important factor in our results,

1. RESULTS AND DISCUSSION

A typical example of a semilogarithmic plot of the la-
ser induced fluorescence as a funation of time is shown
in Fig, 3 for the deactivation of HF(v=1) by Cl atoms,
Each curve represents the average of 128 pulses, The
DF data generally required consiclerably more signal
averaging to get similar results, since the DF laser
produced about one-fifth the intencity of the HF laser.

Tahle I suooarizes the somlls for U, P, ad C!
deactivating HF(v=1) and DF(v=1), Notice that Cl at-
oms are more effective than F atoms, and O atoms are
the most effective. Also, in all cases, a particular at-
om relaxes DF(v =1) more effectively than HF(v=1),

A relevant question concerns the importance of atom
exchange or abstraction reactions as possible contribu-
tions to the observed rates, Consider the following:-

O+HF(v=0)~OH(u=0)+F, AN=33kcal/mole, (3)
CL+HF (v =0)~ CIH(v =) + F, AH=32kcal/mole,” (4)

TADLE II.  Summary of results (I'=300°K),

k“ for P

kyy for DF
X {em® niolecule’! . see!

{em® melocule™!. soe!

O ()  3,1%0,6x10"12
¥(P) 2.840,6x10°1
Cl P)  7.4+1,6%10°8

7.8+2,2%x106°12
6.51,2%x10°1
2,0£0.3x10°12
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F'+HF(v=0)=-F'N(v=0)+F, AH=0. (5) . the rate eonstants, Thus it appears that the taking of
) It

Sinee the H atom exchange reaetions involving O and Cl
atoms are substantially endothermic, it is unlikely that
these reactions are important even with the addition of
a quantum of vibrational energy in the HF or DF (about
12 keal/mole and 9 keal/mole, respectively). However,
both O and Cl are more effective than F atoms in re-
iaxing both HF and DF, even though in the latter ease
the addition of a vibrational quantum makes this reac-
tion exothermie by 12 kcal/mole and 9 kcal/mole, re-
spectively. This supports the coneiusion that for
HF(s=1) and DF(v=1) one is observing pure vibrationai
relaxation processes and that the atom exchange reae-
tions do not make a signifieant contribution, Also, the
results suggest that in the F atom case, either the vi-
brational energy is ineffective in enhaneing the reaetion
* rale for exehange, or the potential barrier to exchange
is larger than a single vibrational quantum and one may
need excitation to higher vibrational levels to see a sig-
nificant contribation from the reactive chaanel to the
over-all relaxation rate, The calculations of O’Neil
el al.'® support the lalter conclusion, since they show
that the minimum barrier height for Reaction (5) is 18
kcal/mole,

One ean suggest a qualitative explanation for the dif-
ference in the Cl and F atom rates on the basis of the
larger attraetive forees prevaiiing in the C1-HF(DF)
encounters, A simpie eaicuiation of the van der Waais
constant!® C, ineiuding induction and dispersion effects
gives for C1-HF encounters Cy=106 X107 erg. emn®,
and for F-HF encounters C,=22x10"% erg. em®,?
Thus, the iong range attractive forees are 5 times
larger for Cl atoms than for F atoms, This eould ac-
eount for the increased efficierey of Cl over F through
an effective inerease in the coliision frequency.

If one considers for HF or DF the ratio of the rate
constants for the different atoms, one finds that thi data
is remarkably consistent, Table III shows the bounds
on sueh ratios as determined from the error bounds of

the ratio has eliminated ail of the isotopic dependence
and one is left with a quantity which depends on the in-
teraction of the atom with the electronie cioud of HF or
DF. Therefore, these ratios depend on the detaiis of
the eleetronie pntential energy of interaction between
the atom and the moleeule,

One of the most important resulits of these atom
molecuie relaxation studies has been the eonciusion that
in nonreaetive eneounters, vibrational relaxation is
dominated by a vibronic to translational energy transfer
meehanism,® This was first proposed by Nikitin!!*!? to
explain the anomalously high probability for vibrational
relaxation in systems sueh as NO(r) + Ar(*8), N,('%)
+0(P), and 0,0%) +OCP), where at least one of the
coliiding partners has electronie orbital angular mo-
mentum degeneracy. The essence of this theory as it
applies to this experiment is that atoms which are in
degenerate eleetronie orbital anguiar momentum states
le.g., OCP), C1EH), and FEF)| are more eftective in
vibrational relaxation than those which are in states
without Lthis degeneracy [e.g., H®S), N(*s), and Ar( S)].
This model assumes that during the collision the elec-
trostatic fields act to split the degeneracy such that
wihivnt the OHALug partuers veach apohid in thels Lrajec-
tory where the splitting equals the vibrational quantum
(termed the “resonanee distance”), an enhancement in

the cross section for vibrational energy transfer oceurs,

TABLE Iil, Ratioy of the atom relaxation

rates,

[3 k
7.4<2ME 16,8 - 7.3<z2RE 18,9
F-IIF “F-DF
17<-£L—u£<41 zz<ﬁ"—'ﬂ’—<4a
ky-yr kg-pr

»
2,8<=ME £ 4 z4<-&DL<59
kej-nr kci-pr

—
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Thus, for lhe systems with anpular momenlum degen-
eracy, the total cross section for vibrational energy
transfer can be pictured as the sum of the nsual adia-
batic term (describable by a Landau-Teller?! or SSHe
model) and the dominant nonadiabatic term which con-
siders transitions between the crossing adiabatic poten-
tinl energy surfaces. Actual values of the probability
for vibrational energy transfer depend on the details of
the potential surfaces and the interactions and selection
rules which couple lhe different adiabatic states, A
complete solution to this theoretical problem is not
available.

The isotope effect that one expects in the Nikitin mod-
el is that for a given atom the molecule with the smaller
quantum relaxes faster. This is a consequence of lhe

fact that a smaller vibrational quantum requires a
.smaller electrostatic field to produce the required res-
onant splitting. Thus the resonance distance is greater
and mors collisions are effective in the nonadiabatic
mechanism. Reference to Table I shows that ia all
cases DF relaxes faster than IF by a factor of U.5 for
a given atom, This provides further evidence for the
Nikitin model.

The usual is-tope effect for the hydrogen halides® is
based on the observation that the molecule with the
smaller moment of inertia relaxes faster. The small
moment of inertia results in a rotational velocity of the
hydrogen atomn which is greater than the relative trans-
lational velocity at low enough temperatures. In this
case, the relevant energy transfer process is from vi-
pration into rotation, and therefore, one would expect
the hydrogen containing molecule to relax faster than
the deuterium containing one. The observed isotope ef-
fect is opposite to this and hence this rules out the im-
portance of V-~ R processes in collisional quenching of
vibrational energy by atoms with orbital angular mo-
‘nentum degeneracy.

All of the atoms considered here have ground states
which are split by the spin—orbit coupling interaction,
In all cases, each of the excited states has appreciable
population at room temperature (see Table V)., It is
not possible from this cxperiment to tell whether these

. excited states are more or less effective than the low-
est state in vibrational energy transfer. Such diffor-
ences should be considered since calculations have

. shown, 24 for example, a difference in the reactivity for
the 2P, ,, and 2P, , states of F atoms,

Another important electronic effect to conslder s the
possibility of vibration to electronic energy transfer
leaving an electronically excited atom. Reference to
Table IV shows that the low lying spin—orbit states are
far from resonant with HF (v =1) or DF(v=1) and V—E
processes are not expected to be important, Inthe case
of Br(2P,,,) reluxiu; HF(n=1), the levels are closely
resonant, and rapid V- E processes are observed,®

V. CONCLUSIONS

The experiments reported here provide further evi-
dence for the validity of the vibronlc to translation en~
ergy transfer model of Nikitin in accounting for the

S rivy)

TABLE V. ‘Thermally accessible states of ¥, Cl, and O
atoms, *

X Stules Encrpy level {em™h) Boltzmann factor

P 2py 0 1
P, 404 6.7»107

Cl 2P:!/Z 0 1
Py, 88 7.3%107
3

Y 0 1

0o i 159 0,47 s

3py 226 0,34

2y =4138 em™, v =2998 cml,

quenching efficiency of atoms with ground states which
have electronic orbital angular momentum degeneracy.
Both the order of magnitude of rates for P-state atoms
relative to those for S-state atoms and the molecular
isotope effect support this conclusion,

Also, it has been shown unambiguously that for HF
and DF, atom transfer reactions are not an important
channel in vibrational relaxation of HF(y =1) or
DF(v =1), However, for ¥ atoms attacking HF or DF
excited to higher vibrational levels, H or D atomn ex-
change reactions become a distinct possibility and may
result in a signiflcant increase in the relaxation rate.
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Deactivation of Vibrationally Excited C0 Molecules by AtQﬂiE.QﬁXﬂER

Professor R. A. McFarlane

Antroduction

During the past contract period measurements were carried out on the
temperature dependence of the rate of collisional deactivation of

CO(v=1) molecules by oxygen atoms, The rate was found to be substantially
faster than the deactivation rate for collisions with oxygen molecules
and can now be included in any kinetic modelling of carbon monoxide
chemical lasers. The first set of measurements which we report here

are over a limited range of temperature, 273°K to 390°K and it is
planned to extend the range both higher and lower for oxygen and for

other atoms during this contract period,

When the present data is compared with high temperature data from shock
tube experiments, it is found that both sets of data can be accommodated
on a T_l/3 Landau-Teller plot. Because of the limited temperature
range for the present measurements however, this result is not surprising
and future measurements may indicate a deviation from strict Landau-

Teller behavior.

Although the experimental technique using laser induced fluorescence,
which was employed for this work, is in principle similar to that
employed for related studies on other molecules in this laboratory, it
was found that because of the long spontanéous emission lifetime for
CO(v=1) molecules, the observed fluorescence decay signals were dominated
by a loss rate duc to the flow of gas out of the observation cell and

not by spontaneous emission or collisional deactivation. It was necessary
to abandon therefore the usual analysis of the time dependence of the
fluorescence which looks simply at the difference in two exponential
decay rates and ascribes this to collisions with the species being
examined and to go to a modified analysis which permits a non txponential
functional dependence to be used and still allows the extraction of

quenching effects due to collisions with atoms.
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The Experiment

A block diagram of the experiment is shown in Figure 1. As it has been
described in detail in earlier reports it will be only briefly disrussed
here. A stream of molecular oxygen in an argon dilvent is dissociated
by a microwave discharge, mixed with injected CO molecules, passes
throngh a furnace for varying the temperatur: and is excited by a 4.8
micron laser source at the fluorescence cell. This excitation is
provided by frequency doubling the output of a CC; TEA laser operating
on the P(24) 00°1 » 02°0 transition and corresponds to absorption by

CO on P(14) 0 > 1 . TFluorescence is obsecrved as a function of time with
an InSb detector and signals are digitized and averaged for further
analysis on an IBM 360 computer. In the same flow system, all conditions

are reproduced downstream to permit atom concentration determination with

an ESR spectrometer.

The furnaces shown in Figure 1 consist of both heating and cooling elements

and operating conditions are calibrated by actually placing a thermocouple

in the fluorescence cell to measure the flowing gas temperature at the i
point of observation of the laser induced fluorescence. Not shown in

Figure 1 are gas mass flow meters and pressure gauges used to permit the

duplication of conditions in both the ESR and fluorcscence cell sections.

Similar tempecrature calibration is employed in the ESR cavity.

It was found that the addition of €O into the stream of oxygen caused the
oxygen atom ESR signal to disappear within a few seconds and it did not
reappear with the removal of the CO0. It was concluded that iron carbonyl
from the CO storage cylinder was dissociating in the region of elevated
temperature immediately downstream of the microwave discharge and the
iron which plated onto the quartz tube was oxidized and provided an
effective site for the recombination of the oxygen atoms. A reactor
chamber filled with glass wool and heated to 180°F, the dissociation
temperature of iron carbonyl, was placed in the CO gas flow line. This
has been totally effective in eliminating the degradation of oxygen atom

concentration during months of use.

Purification of the oxygen and argon was carried out using a dry ice

cold trap to rcmove condensable impurities such as 1,0, C02 or oil.




The first set of fluorescence traces which were obscrved showed an
unexpected initial slow rise in the intensity followed by the usual decay.
This was interpreted as being due to 4.3 micron emission from a COy
impurity which was excited by rapid V-V energy exchange from the excited
CO. As the Finstein A coefficient for this emission from C0y is about
ten times that for CO, relativaly small CO0y concentrations can be
significant. Indeed, the deliberate introduction of quantities of CO,

. too small to be reliably measured in the pressure gauges gave exactly
similar fluorescence risetime effects. The reaction of oxygen atoms and
the injected carbon monoxide, although known to be slow, was producing

sufficient COy to be observed.

As the gas flow velocity was lowered, thus increasing the time the GO
was present with the oxygen atoms prior to reaching the fluorescence cell,
the larger was the intensity of the 4.3 micron radiation. Two changes in
experimental conditions were possible to eliminate the unwanted effect,
By lowering the CO pressure the unwanted signal could be made relatively
smaller compared to the desired fluorescence. The C02 emission would be
expected to depend quadratically on the CO pressure while ‘the desired CO

, fluorescence would vary linearly. At a flow velocity of 6 meters per
second, a.CO pressure of 0.05 Torr, an O2 pressure of 0.4 Torr and an

0 atom pressure of 0.04 Torr at the cell eliminated the leading edge

distortion., Further reduction of CO pressure was difficult because of

the reduction of the desired signal.

A second alternative was an iucrease in flow velocity to winimize the
time available for COy production. This has its own problems associated

with the flow dominated fluorescent decays discussed below.

After analyzing several sets of fluorescence data taken At room temperature,

tests for goodness of fit showed that a single expunential time decay

function was not a good representation of the data. Further, the observed
decay time constant depended upon flow velocity. It was then realized
that because of the very long spontancous emission lifetime of CO/{v=1)

and the relatively slow absolute quenching rates by any species, the
observed decays were simply due to the excited CO being carried out of

the viewing region and would he expected to depend in only a small way |
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on atom quenching. Decreasing the flow velocity to 2.5 meters per
second introduced the CO2 fluorescence again and had the additional
consequence of limiting the temperature range that could be obtained
for the gas at the fluorescence cell downstream of the furnace. A
procedure was required which permitted the experiment to be carried out

at high flow velocities.

| A series of room temperature measurements were carried out in which the
cell was replaced with a sapphire cylinder and fluorescence observations
were made at two points downstream from the point of laser excitation.
This will be referred to as the Time of Flight or TOF experiment and
employed a four point analysis, That is to say four fluorescence traces
were taken.

1 - Position X, without 0 atoms

2 Position XZ without O atoms
3 - Position Xl with 0 atoms
4

- Position ) with 0 atoms
Laser power measurements were made for each trace. *

Letting t be the time interval between the laser pulse and a point on
a given trace, the same time t; was taken for traces 1 and 3 and another
time ty for traces 2 and 4. The intensities at these positions and

times are then

= "tl/T
I = Ll f(xl tl) e il
o -t /T
. 12 = L2 f(X,2 t2) 2 ol
b ~-t. /T
- Iy = Ly f(x.l tl) e 1°°2
I, = =t/ T,

4 L4 f(X.2 tz) e

L represents the laser power for each run, f is a function of detector
position along the flow tube and also the time. It further depends on

flow velocity and diffusion among other parameters which are maintained i

the same for the four traces, Tl and T2 are the exponential decay

constants associated with spontaneous emission and quenching.
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For pairs of times t, and t2 define
| At = t,-ty
11 and also
A(l) = ;-— it which for the present
T T T
‘ 2 1
r experiment will be equal to k[O0].
- N T e (741, Lol |
i T T At | ¥
T At \1213 L1L4)

Any set of points (xl > Xo s t1 5 tz) yield the same results. For fixed
X and X, » a number of pairs of tl 3 t2 points can be taken near the peak

of fluorescence intensity curve and the results averaged in determining
1

A=
&)

It was then realized that data taken on the fluorescence cell could be

=%, and the

analyzed in a related way. The observation position Xy 2

function £ is now simply g(t).

> -t. /T

L -t /T

i -t /T
13 = L2 g(tl) elhlie==2
I, = £/,

y = Ly 8lty) e

Again for pairs of times t, and t,
5 TE4 T,
1 1 174
A(D) = - 7 Cin(
T At 1213

)

where the laser powers now cancel since I_. and 12 are taken from the same

1

i trace as are I3 and 14. An average over tl’ t2 pairs 1s also taken here.
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To be strictly accurate we should write the rate constant for quenching

of CO(v=1) by 0 atoms as

1
k= &

where kl is the quenching rate due to O2 - It has been measured by

llancock and Green(l) to be 2.75 sec.—l Torr"1 + This is very much less

than our measured k values and has been ignored in our data analysis.

1
c A plot was made of the measured averaged values of A(;) as a function
of oxygen atom pressure PO for each temperature. A least squares

straight line fit to the data provided a value of the slope from which

the second order quenching rate constant was derived. The plots for

four temperatures are shown in Figure 2.

In carrying out these measurements, the atom pressure was varicd by
changing the microwave power used to dissociate 02 molecules between

zero and twelve watts. All of the lines plotted in Figure 2 show a

non zero intercept suggestive of some impurity which is formed when

the discharge is turned on. The reference condition for these measurements
was the "microwave discharge off" situation. It was found that with no
oxygen present a change occurred in the observed decay rate of the CO
fluorescence when the discharge was turned on. While this change
depended upon the flow conditions of a particular run, it showed no
systematic dependence on the microwave excitation level once a discharge
had been initiated, It was concluded that a change in temperature over

a distance of a few centimeters led to a local pressure rise and a larger
pressure gradient in the region of the fluorescence cell resulted in a
slight increase in flow velocity of CO molecules out of the cell. In

a computer simulation of this velocity change by the simple expedient

of offsetting channels in the comparison of otherwise identical traces, !
it was estimated that out of a flow velocity of six meters per second a

change on the order of 0.2 meters per second was taking place.

The second order quenching rate of constants determined using tlhe slopes

in Tigure 2 were found to be identical to those derived from comparing

traces with the microwave discharge on but differing 0 atom concentrations.
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Results

The wmeasured second order quenching rate constants for (1) atoms
deactivating CO(v=1) at several temperatures are presented in Table 1.
Figure 3 collects several of the shock tube data points found by
Center(z) and the results of the present work. When a best fit is
made to Center's data and extrapolated to lower temperatures in a
Landau-Teller Plot, it is found that the measured room temperature
rate is about two times faster than would be predicted. Within the
error limits of both sets of data it is possible to construct a single
straight to represent the temperature behavior. More data is needed
to establish whether this is reasonable and work is underway to extend

the temperature range of the measurements,
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TABLE 1

DEACTIVATION OF CO(v=1) BY OXYGEN ATOMS

TEMPERATURE

°K

398

359

306

273

THF Iy

w
SR e el

T L e oy
g e Rl Tl B LR
0

DEACTIVATION RATE CONSTANT

Sec

-1

Torr

1

(4.2
(2.1
(1.3

(8.9

4

=+

-+

I+

1.0)
0.8)
0.4)

2.2)

X

X

X

10

10

10

10

i
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Molecular Energy Transfer and Chemical Lasers

Professor T. A. Cool

Abstract of Research

The research completed this past year consisted of two studies of importance

for the development of energetic chemical laser systems. The most successful

of these studies was an examination of the tempevature dependence, at very
low temperatures, of vibrational relaxation in the HF-DT, HF—COZ, and
DF-CO2 systems., These measurements complement ecarlier work at higher
temperature and provide a sound basis for comparison of current theories
of multiquantum V->V,R energy transfer. This work also clearly establishes
the lower limit for operatin, temperature of HF chemical lasers at which
the detrimental effects of deactivation by HUF polymers dominate all other
kinetic processes. It was found that the dominant polymer species for
deactivatiin are HF tetramers and hexamers; large concentrations of dimers

do not appear to be present at pressures near 1 Torr.

The second study undertaken was directed toward the measurement of the VR
rates of cnergy transfer believed to be of importance in the design of
pulsed HF chemical lasers with useful spectral output characteristics.
This work is incomplete and only partially successful at the present time.
A laser double resonance experiment was designed and performed in the
effort to measure the distribution of HF molecules among the rotational

states of the ground vibrational relaxation by the V-R processes

HF(v=1,Jl) + HF(v=0,J2) -+ HF(v=0,J1' ) + HF(v=0,J2' )

The initial results of these experiments were inconclusive and further
experiments have been postponed pending the results of computer modeling

of the transient behavior of the HF rotational populations.

A Description of Research

A. Studies of energy transfer at low temperature in the HF-DF, HF—COZ,
and DF-—CO2 systems. \ }

Vibrational (V,V) energy trausfer betwcen HF and DF and the
asymmetric stretching mode of CO2 is quite rapid despite the large
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differences in vibrational energy between initial and final states.
This circumstance has been cited as additional evidence for the
existence of efficient multiquantum vibration-to-rotation (V »> R)

. .1 .
energy transfer in HF and DF,” already inferred from measurements

of the V+R, T self-deactivation of HF and DF.Z’3

Similar
observations of rapid vates for vibrational energy transfer from

4— |
HF in collisions with DF’ 7,9,21 also indicate a rapid coupling

between vibrational and rotational motions.

Progress in understanding such processes is hampered by the
complexities of theoretical description and by the absence of

direct experimental information concerning V- R transfer probabilities
to specific rotational states. Nevertheless, the experimental
determination of the temperature dependence of V-V transfer
processes can be useful in theoretical modeling of intermolecular
interactions. Moreover, an accurate knowledge of these energy
transfer probabilities over a wide range of temperatures is needed
in chemical laser development. Several recent studies of the
temperature dependence of V+V and VR processes in gas mixtures
containing HF and DF for temperatures above 300 °K have been

7-16

1
reported. In a recent paper we presented measurements of

vibrs tional energy transfer over the range from 295-670 °K. In the
present work measurements have been extended to lower temperatures,
and certain systematic corrections have been made to measurements

we have reported previously.l’7

The present results show that the inverse temperature dependence
observed at higher temperatures for processes involving HF and DF
monomers continues smoothly to temperatures near 200° K. The
effects of HF polymers in deactivation of HF'and DF are clearly
discernible in the 200-220 ° K range; the probabilities for

deactivation by polymers appear to excced 0.1 at these temperatures.

The temperature dependence of several energy transfer processes
iu the HF-DF, HF—COZ, and DF-—CO2 systems are shown in Figures 1-5
which contain the results of the present study along with previously

reported action of other investigations.
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The interactions between HF-HF, DF-DF, and HF-DY pairs and between

N (Dr) and CO2 are characterized by inverse temperature dependences
for energy transfer probabilities that are stronger than T—l (Sce
Figs. 3 and 4). No presently available theories for cnergy transfer
predict the strong inverse temperature dependence observed for

these proccsses.23 Until the effects of short range anisotropies
in the intermolecular potentials can be included in a realistic

way, it is doubtful that good agreement between experiment and
theory will be obtained. Fortunately, progress in a priori
calculations of energy surfaces has been rapid and perhaps reasonable
interaction potentials for the F-H...F-H and F-H..-0=C=0 systems are

24

near at hand.

B. Cointinued Study of V-R and R>R Relaxation in HF

We are currently engaged in experimental studies of the V- R processes
; —_—
HI‘(l,Jl) + 11F(0,J2) T~_HF(O,JI' )y + HF(O,JZ' ) (1)
and R->R processes

0 ; [ —A\UurR ' ' )
HF(O,Jl) + HF(O,JZ),r-uHF(O,Jl ) + HF(O,J2 ) (2)

of importance in high energy HF laser systems.

A schematic diagram of the experimental apparatus is shown in Figure 6.
The object of the experiments is the direct observation of nonthermal
populations of high rotational states 9 A Sl produced by the

V- R processes (1). The temporal behavior of these rotational state
populations would permit the estimation of the rate constants for

the processes (1) and (2). The experimental technique is based

upon the use of two lasers; a pump laser is used to produce the
HF(l,Jl) initial population and a sec ond laser is used to monitor
the populations of HF(O,Jf ) and HF(0,J.) ). This monitoring is
accomplished by observation of the R-branch fluorescence hv3

produced by process (5) below: That is, subsequent to the pump

pulse hvl, the probe pulse hv2 is employed to produce
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FIG, 1. Temperature dependence of the probability for self-

deaetivation of 1IF: line B—C, Bott and Cohen, Ref. 10; line
5, Solomon el al., Rel, 8; », Blair et al., Ref, 13; A, Bott,
Ref. 12; v, Hinehen, Ref, 15; O, Fried ef al., Ref. 14; o,
Lueht and Cool, Ref, 1; O, present data; ¢, Alrey and Fried,
Refl. 2; o, Stephens and Cool, Ref. 19; o, Abl and Cool, Ref,
G; ¢, Hancock and Green, Ref, 20; 4, Osgood el al., Ref, 22,
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FIG. 2. Temperature dependenee of the probabllity for self-
deaetivatlon of DT line 13, Blauer ¢f al., Ref, 9; line B~C
Bolt and Cohen, Ref, 11; A, Bott and Cohen, Ref. 16; v,
Iinchen, Ref, 15; O, Ahl and Cool, Ref, 6; ®, Stephens and
Cool, Ref. 19; ®, Lucht und Cool, Ref. 1; O, present data.
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FIG. 3. Temperature dependences of probabllities for energy
transfer In HI-DI' mixtures: lilne B, Blauer et al., Ref. 9;
A, A, Bolt and Cohen, Rtef, 4; 0, e, Ahl and Cool, Ref, 6;
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FIG. #, Temperature dependenee of the probabilities for en-
erggy transfer between HHF(DT) and CO,: A, Bott and Cohen,
Ref. 4; a, Bott and Cohen, Ref. 16; O, lancoek and Green,

Ref. 20; &, Stephens and Cool, Ref, 19; e, Lueht and Cool,
Ref. 1; O, present data; 3, Airey and Smith, Ref. 21.
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0, Hancock and Green, Ref. 20; o, Seepliens und Cool, Ref,
19; e, Lucht and Cool, Ref. 1; O, present data,
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HF(1,J-1) from HI(0,J) where 9 < J < 14;

HF(0,J) + v, —-3 HF(1,J-1). (3)

The resulting fluorescence from HF(1,J-1) is eith P-branch;

HF(L,J-1) — HF(0,.J) + hv,, )

or R-branch;
HF(1,J-1) — HF(0,J-2) + hv, (5)

This technique has turned out to be much more sensitive than the usual
double-resonance absorption experiment. We have successfully observed
fluorescence in step (5) when this technique is used with a thermal
population in HF(0,9) of less than 1012 cm_3 . In spite of this
sensitivity we have not yet been successful in ocur experimental goals25
and we have decided to ret a better idea of what might be expected from
such experiments with the use of a computer model for processes (1) and
(2). The model is based on the Polyani-Wocdall kinetic expression for
R->T relaxationz6 found to be useful in analysis of rotational

relaxation in HCL1.

In brief, we plan to sclve the nonliuear equations of rotational relaxation
associated with processes (1) and (2) for various agssumptions for the
nascent distribution of rotational states produced by the V + R

processes (1). As an example, we will use simple trial distributions

such as a delta-function corresponding to exclusive production of .
HF(0,J=13), along with other assumed distributions. We then will examine-
the sensitivity to such simple assumptions of the computed nonthermal
populations in the presence of processes (2). By this means we hope to
assess the significance of any experimentally observed departures from

the therhal distribution, and, more importantly, to determine the

feasibility of any further experiments.

It should be recognized that the Information sought from these experiments
has never been achieved before; direct observations of the J-dependence

of V -+ R and R + R relaxation in HF will contribute greatly to the
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theoretical undersranding of such processes. Analysis of rotational
relaxation and line broadening in high pressure HF and DF laser

operation is essential for rapid progress in application of high

\ energy lasers to laser initiated fusion and photochemistry.
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Temperature dependence of vibrational relaxation in the HF -

HF-CO,, and DF-CO, systems. II*

Roy A. Lucht and Terrill A. Cool
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’

Measurements of vibrational encrgy transfer probabilities are present

for HE-DF, HIF-CQ,. amdl DF-CO, gas mixtures. The present resalts provide an

of the inverse tempe
deactivation efleets cavsed by HF (DF) polymers were observed for

i. INTRODUCTION

Vibrational (V- V) cnergy transfer between HF and
DF and the asymmelric stretching mode of CQ, is quite
rapid despite the large differences in vibrational cnergy
between initial and final states, This circumstance has
been cited as additional evidence for the existence of
cificient muttiquantum vibration-to-rotation (V-R) en-
ergy transfer in HF and DF, ! already inferred from
measurcments of the V- R, T" sell-deactivation of HF and
DF.** Similar obscrvations of rapid rates for vibra-
tional energy transfer from 1IF in collisions with
DF "% ulso indicate a rapid coupling between vibra-
tional and rotational motions,

Progress in understanding such processes is bampered
by the complexities of theoretieal description and by the
absence of direct experimental information eoncerning
V=R transfer probabilities to specific rotational states.
Nevertheless, the experimental determination of the
temperature dependence of V- V transfer processes ean
be useful in theoretical modeling of intermolecular in-
leractions, Moreover, an accurate Kknowludge of these
energy Lransfer probabilities over a wide range of tem-
peratures in avwdeel i ohersiien] Inses dévelopment,
Several receu! studies of Lthe temperature dependence
of V—V and V=R process.s in gas mixtures containing
HF and LF for temperaturer above 300 °K have been re-
ported.”™® Ina recent papec, ! hereafter referred to as
1, we prusented measuruments of vibrutionat cnerpy
transfer over the range from 295-670 °K. In the present
work measurements have been extended to lower tem-
peratures, aad cortain Systewaltic cosrections have been
made to measurements we have reported previously, I+7

The present resulls show that the inverse temperature
dependence ohserved at higher temperatures for pro-
cesses involviug IITF and DF monomers continues
smoothly to tlemperatures near 200 °K. ‘The effeets of
HF polymers in deactivation of HF and DF are clearly
discernible in the 200220 °K range; the probabilities for
deactivation by polymers appeur to execed 0.1 at these
temperaturcs,

Il. EXPERIMENTAL APPARATUS

The laser fluorescence apparatus and procedures used
in the present work were modified in three respeets
from thoge previously described.! First the fluores-
cenee cell deseribed in 1 was provided with cooling coilg

3962 The Journa! of Ch(..'mical Physies, Vol. 63, No. 9, 1 November

ed for the temperature range 205-360°K
accurate detenmination

vature dependence of the energy transfer probabilitics exhibited by tiiese systemns. barge

temperatures below 220°K.

0~
Ia,

to permii uperation down to temperatures of 200
Secondly, the measurements of partial gas pressure
within the fluorescence cell were corrected to include
compressible flow effects associated with the sonic ori-
fice used for exhaust flow control of the fluorescence
cell. Finally, in the course of flow calibrations, flows
metered with the valves used in the experiments de-
scribed in I and Rel, 7 were found to be subjeet to sig-
nificant corrections because of viscous efiects. This
problem was eliminated for the present work; however,
some of the previously given results'*? y ere found to be
systematically in error. Fortunately, i. was possible
to make complele eorrections to those data; the cor-
rected nieasurements are given in Sec. 111, Except for
these modificatious, the present experiments were per-
formed in a fashion identical to that described in I,

A. Fluorescence cell temperature control

The solid nicke! fluorescence cell of I was casily
adapted to low temperature operation. The eell was
wrapped with 3/16 in, o.d. copper couling coils which
were soldered to the cell body to ensure good thermal
contacl. Cell e oling was weeouplinled by & reeir-
culating Tlow of methauol between the cell and a cold
bath. For temperatures from 200 Lo 250 °K a methanol—
dry-ice bath was employed; an ice-water balh was used
from 275 to 300 °K; some daia were also taken from 300
1o 300 °K willr wse of & heated wider budh, Frecise im-
perature selection and control (£1.0 °K) was accom-
plished with use of electrical heating tapes wrapped
Ao the evdering cockant Mluw e which connected the
cell with the cold bath., Cell temperatures were moni-
tored with a thermocouple immersed in the fluorescence
cell gas flow. Temperatures measured for flowing
gas conditions within the cell were identical to those for
the static cell for all [low rates employed here,

A shmple check was performed! on the aceuracy of the
thermoeouple reading., The cooled fluorescence cell
was [irst filled with static propane gas, The vapor
pressure of the propane was then measured Lo give an
accurate indieation of the eell temperature. The tem-
perature glven from the propane Vapor pressure was
2 °K lower than the thermocouple temperature for tem-
peratures near 200 °K, Thls small discrepancy was
apparenlly caused by heat conductlon along the thermo-
eouple leads, Cowmpensation for this was made with a
correction which varied linearly with the temperature
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difference belween the cell and ils surroundings.

B. Partial precsure measurements

Following a suggestion by Bott!* we have modified our
method of partial pressure measurement to include cor-
rectinns for gasdynamic effects,  In the present appira-
tus a sharp-cedged sonic orifice located at the exhaust
of the Muorescence cell was used for control of the gas
flow vate through the cell, A primary flow of argon was
established it a pressure of 30 Torr within the fluores-
eence cell,  The desired cell composition of the added
gases HF, DI, or CO, was then established for a given
run, This was accomplished by recording the changes
in cell statie pressure as each sccondary flow compo-
enel was successively established. Because the cell
gas flow rate was controlled by the sonic orifice, the
change in cell slatic pressure was determined by the
change in sonic flow conditions before and after the
secondary flow was added, The effect of a given added
gas flow rate on the sonic conditiors and on the cell
slatic pressure depends on the specific heat ratios and
molecular weights of both the added gus and the initial
cell gas flow to which it is added. When viscous cffects
at the orifice can be ignored, isentropic flow relation-
ships muy be employed to caleulate a correctinn factor
by which the measured cell pressure change must be
multiplied to determine the actual partial pressure of
added ¢gas. '®

This procedure was tested by performing measure-
ments of HF sclf-deactivation rates for five helivm—
argon nixtures of various alomic weights,'® The sharp-
cdged sonic orifice used in the present work exhibited
flow characteristics aecurately deseribed by the inviscid
compressible flow reliationships. This orifice was a
0.024 in, diam hole drilled in a flat disk of 0.003 in,
thickness. In the work reported in I and Ref. 7, howev-
er, a Granville Phillips Series 203 variable lezk valve
was used instead of a sharp-edged orifice for fluores-
cence cell flow control, Unfortunately, the flow char-
acteristics for this valve were significantly different
from thnse exhibited by the sharp-edged orifice, and
additional corrections had to be made point by point to
the 1F-CO, and DF-CO; data reported in I and the HIF—
DI* dala of Ref. 7, We have found other types of valves
(e.g., Whitey 21RS4) which appear to have flow char-
acleristics quite similar to those of the sharp-edged
sonic orifices; however, enough variation exists be-
tween different valves and valve setlings that the com-
pressible flow corrections of Ref. 18 cannot be applied
indiseriminately.

i, EXPERIMENTAL RESULTS

The data reduction techniques employed here have been
fully presented in I. These methods permit the direct
determination of the exponential decay constants A, and
h; umod for the deseription of e temporal varialions in
the populations of IIF (v=1), DF (v=1), and CO, (00°1)
molecules in the gas mixtures of present interest, In
the following presentation the notation and rate constant
definitions are the conventional ones given in 1.

A. Self-deactivation of HF and DF

1,2, 7=10, 19=2

Previous measurements 2 of the self-deac-

tivation processes

HF(y=1) + 1 F(v =0) 21! 211F(y =0) + A, =3962 cin™ (1)
and

DF(=1) +DIF(w =0) 2! 2DF(v =0) + AL, =2907 e (2)

have been for sufficiently high temperatures thut the in-
fluences of 111' polymers on deactivation were negligible,
In the present work an attempt was made to extend mea-
surements of &), to temperatures as low as possible be-

fore polymers become the dominant source of deactiva-
.
Jon,

The equilibrium compositlon of HF is described in
terms of the equilibrium constants for the association
equations

nllF &2 (HF), (3)

defined in terms of the partial pressures of nth order
polymers,

f’n =1{MP1’ L (4)
where p, is the partial pressure of HF monomers.

Thus at low temperatures the exper‘imenml deactiva-
tion rates of IF(v =1) and DF(v = 1) ought to follow the
relationship

(PT)E = kg P/ D) + By (/) + Z}; (K /1 (5)

where k),, and k), are the respeclive rate constants
(sec™!+ Torr™) for deactivation b, rgon and by HF
monomers present with partial pressures p,, and py; p
is the total pressure, 7he rate constant (k,,), refers to
deactivation of I1F(v =1) or DF(v =1) by the nth order
polymer (HF), or (DF),.

In the present experiments f» was nearly constant
since p,, was 30 Torr and the HF(DF) pressures did not
exceed 1 Torr. Moreover, attemperatures above
200 °K, the use of total IIF pressure in place of p, in
Eq. (5) introduces a negligible error.?® Therefore, in
analysis of the experiments, the approximate expression

(p7) ! =ly X+l Xypp + 2); ()l X0 o™ (6)
= :

where X, and X);r ure the mole fractions of argon and
HF, is applicable,

Figures 1-3 present deactivation rate data for a low
temperature (205 °K) and a higher lemperature
(~275 °K). Figure 1 illnstrates the linear dependence
of deaettvation rate on HF{DF) mole fraction obseryed
for all temperatures above about 220 °K, As the tem-
perature was reduced below 220 °K, the dependence of
(p7)! on Xy became increasingly nonlinear, as Figs.
2 and 5 indicate,

In principle data such as iwse of Fies, 2 w3 coukl
be analyzed by meuns of Eq, (6) to estimate values for
the rute constauts (ky;)y, (k11)e, (k1) ete., for deactiva-
tlon by HF dimers, tetramers, hexamers, etc. The
equilibrium composition of HF polymers at the tempera-
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FIG. 1. Observed HF(DIY) Nuorcscence deeay rates for
HI(DF)~argon mixtures. The HF dittu ave for T'=279 °K; Lhe
DI® data for T'= 275k,

tures and pressures of present interest is, however,

not well characterized and has been the subject of sever-
al conflicling analyses during the past 20 years, 4-27
Thus only the linear term, k;;Xyp, can be unambiguously
determined from the present duta, The solid lines
shown with the data of Figs. 2 and 3 indicate the approxi-
mate contributions to the relaxation rate fiom this linear
term,

In contrast to the HF data, the DF data exhibit pro-
nounced nonliucar contributions for X 20,01, The de-
activation rate for DF observed for values of X Xpr 20.01
is so large that the fraction of deactivating polvmers in
the DF would have to exceed about 1072, The data can
be represented with Eq, (6) provided that large coutri-
butions to deactivation caused by (DF), and (DF); are
assumed, but that virtually no contribution from (DF),
is present. This result is puzzling since, according to
the mnost recent analysis™ of P~V~T data for IIF, 28
oniy the DF dimers would be present in a concentration
large enough to give a major contribution to deactiva-

[ ]
i

=]
[

(pr)™, (10% sectorr ™)
- (3%

Xur

FIG. 2. Observed HI fuoretcence decay rates us a function
of N1 mule fraetlon for 1l F~argon mixtures at T =205 °K,
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FIG. 3. Observed DF fluorescence decay rate as a function of
DF mole fraction for D¥F—argon mixtures ut 7T =205 °K,

tion. It should be noted, however, that in an earlier
analysis based upon infrared absorption studies Smith?®
conciuded that the equilibrium concentration of (HF),
would be sniall relative to those of (HF), and (HF), at
the temperatures of interest here.

The present measuremnents of probabilities for the
self-deactivation of HF and DF by processes (1) and (2)
are given along with previous results in Figs. 4 and 5.
The present results and the corrected data of I are seen
to be in good agreement with the work of Bott!? and
Uinchen, '* who worked with premixed gases, and with
the measurement of Osgood et al.? performed with a
static systenm,

The data of Refs, 2, 6, 14, 19, and 20 were all ob-
tained with flow-mixing apparatus similar to that used
here. These data are presnmably subject to some cor«
rection because of compressible flow and viscous effects
at the fluor esccnce cell exhaust valves, For the data o[
Airey and Fried, ? Hancock and Green, 2° Fried e! al.,
Stephens and Coof, ' and Ahl and Cool 8 taken with
HF(DF)-argon mixtures, the compressible flow correc-
tion would result in o 19% downward shift in the reported
probuabilities which are plotted in Figs, 4 and 5. If we
assume that no additional correction of significince
needs to be made for viscous flow effects for the values
used in these studies, then ali of the fluorescence celi
measurements are in reasonably good agreement with
the shock tube measurements of Bott.!* Unresolved
systematic differences yet exist, however, between the
shock tube d.u 1 for HF of Bott, 2 Bott and Cohen, 1°
Blair et al,,'® and of Solomon ef al,®

The dashed lines shown with the probubility data of

J. Chem, Phys., Vol. 63, No, 8, 1 November 1975
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(4 . DF
2 r Fs . FIG. 6. Obscrved HF and DF fluorescence deeny rates from
HEF=-D¥-argon mixtures at 250°K as a function of the reduced
mole fraction of DF; Xf)Fi:XDF/(XHP."XDF)‘
103 ! Lo a1l 1 1 11
102 2 4 6 8103 2 4 6 1) (O ) DE (e 1) oA Evl 055re
UF(v=1) +DF(»=0)+ HF(»=0)+DF(v=1) +A £, = 1055 cm~
TEMPERATURE (%K) b ' )
FIG. 4. Temperature dependence of the probabilily for self- . ]
deactivation of HIE: line B—C, Bott and Cohen, Ref. 10; line HF(v=1) + DF(» =0) M2 HF(v =0) +DF(v=0)+AE, =3962 cm™!
S, Solomon ¢f al., Rel. 8; &, Blair ef al., Ref, 13; A, Dott,
Rel. 12; v, llinclen, Ref, 15; O, Fried of al., Ref, 14; », (8)
Luclit and Cool, Ref. L; O, present data; ¢, Airey and Fried, and ’
Ref, 2; ®, Stephens aid Cool, Ref. 19; o, All and Cool, Qef. By -1
G; O, Hancock and Green, Ref, 20; 4, Osgood ¢f af., Ref, 22, DF(v=1) + HF(v =0) 2! DF(r=0) + HF(v =0) +AF,=2907 cm
)
thN . o . 0 - °
Figs. 4 and 5 indicale the approximate temperature de- \I\:c‘.e.pelformed N U1.¢:_t7c;11211)01atu1c range 205-364 °K.
pendence of the present data and the corrected measure- 4;58’?;;5 DredSiTementy cover the range 297-
ments of I over the range from 200 to 400 °K. r
y ] Figure 6 gives typical HF and DT fluorescence ro-
B. Vibrational energy transfer in HF-DF mixtures laxation rate data for HF-DF mixtures at a temperature
Measurements of the rate constant sums, k,+k, and of 250 K. The upper data of Fig. 6 arc HF fluorescence
Il +kyy, for the processes relaxation rates; the lower dala are observations of the
4 [ relaxation of DF¥ fluorescence. The intercepts of data
o ' plots such as that of Fig, 6 yield the desired rate con-
T e ] e, stant'values for processes (7)-(9) after small correc-
DF(vz1) + DF (v=0) —+2DF(v=0) g tions are made for the influence of argon deactivation.»?
. For example, the upper and lower right-hand intercepts
1075 [~ \T-190 EI-C_" give values for k, 4k, and ky, respectively; the upper
8 \ 7 and lower left-hand intercepts give values for kyy and
’>_“ 6 k ) 4 kg+lyy, respectively. .
7] r Y il All presently available probability measurenients for
tn 4 r (p\i @ - the sum of process (7) in the forward direction and pro-
< . }é” X | cess (8) are given as the dark points in Fig, 7. The
g . 9 open points and the solid line of Fig. 7 correspond to
0 s | 8 -4 measurements for the sum of probabilities for process
o ‘g (9) and the reverse of process (7). However, since the
‘f\ L2 vibrational energy defect of process (7) is Inrge, the
-3 “ r contribution of £, to the sum of &) and by, is negligible
103 = Y& "4 for temperatures below about 500 °K provided Ihat rota-
8 t i tional equilibration exists, The results of ali investiga-
6 1 | S nd e et ] 1 il N tions are in excellent agreement, The data reported in
10% 2 4 6 8 03 2 4 6 Ref, 7were corrected point by point, as described in

TEMPERATURE (°K)

FIG. 5. Temperature dependence of the probability for sclf-
deaclivation of DI line B, Blauer ef al. , Refl. 9; line B—C
Bott und Colien, Ref, 11; A, Bolt and Cohen, Ref. 16; v,
Hinchen, Ref. 15; 0, Ahl and Cool, Ref. 6; ®, Stephens and
Cool, Ref. 19; ®, Lucht and Cool, Ref. 1; O, present data,

Sec, II, belore plottlng in Fig, 7. The data reported by

Ahl and Cool* are also subject to a flow correction which
would tend to shift the points plotted in Fig. 7 downward
in better agreement with the other data,

The dashed lines of Fig. 7 indicate the slmilar in-
verse temperature dependence, at low temperatures, for
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FIG. 7. Temperaturc dependences of probabililies for cnergy

transfer in HF-DF mixtures: line B, Blauer ¢t al., Ref. 9;
A, A, Bott und Cohen, Ref, 4; 0,®, Ahl and Cool, Ref. G;

O, Aircy and Smith, Ref. 21; v, liinchen, Ref. 5; v, ifinchen,
Ref, 15; », O, Lucht and Cool, Ref. 7; @, O, presenl data,

the probabilities corresponding to both of the rate con-
stant sums &, +ky, and b, +ky, of processes (7), (8), ant

(9).

C. Vibrational enerygy transfer and deactivation in
the HF-CO, and DF-CO,

It was shown in I that plots of the decay rates, (p'7),
of IIF fluorescence from HF-CO, mixtures varied lin-
carly with CO, reduced mole fraction; p’ is the sum of

10 T T

s e A1

A e T 4
| . 580°K

0 J L ol W e 1 1
0O OI 02 03 04 05 06 07 0.8 09 10

|
X
Co,
¥IG, 8. Observed HT Nuorescence decay rates for UF-CO,—
argon misture for several temperatures g a function of Lthe re~
duced mole fraction of CO,; Xf;oz =Xgop /Xy +Xcoz)-

VT T T T T T

| 1 1 L 1 1 1 1
0 0l 02 03 04 05 06 07 08 09 10
]
Xco2
FIG, 9, Obscrved DF Muorescence decay rates for DF—~CO;—

argon mixtures for several temperatures as a function of the
reduced mole fraction of COy; Xbq, =X o /(Xpp +X oy

HE and CO, partial pressures. Measurements of the
relaxation rate of HF fluarescence, (p’'7)", for the
limiting case of HF-CO, mixtures with a mole fraction
of HI approaching zero were used to obtain the rate con-
stant sum k, +&;, for the processes

ko

HF(v =1) +CO,{00°0) = HF(w =0) +CO,(00°1)
k
(]

+AE,=1612 cm™ (10)

and

e
HF( =1) +C0O,(00°0) —£ HF(v =0) +CO,(mm’0) .  (11)

This linearity in the varlation of relaxation rate with
mixture composition was also observed at lower tem-~
peratures, DBecause of the influence of HF polymers, it
was not possible to obtain dala amenable to unambiguous
interpretation for temperatures below about 220 °K,
Figure 8 shows the linear varlation of (p’7)! with the
reduced mole fraction of COp, Xgo, =Xco,/(Xur +Xcoz),
observed for several temperatures. The data for 420
and 580 °K are those reported in I, but with flow correc-
tions applied point by point.

Figure 9 displays an anilopous set of data taken for
the DF-CO, system for temperatures ranging from 225
to 663 °K. Here agnin, an essentially linear variation
in DF relaxation rate with mixture composition was ob-
served for all temperatures.

Figure 10 indicates the teniperalure dependence for
the smm of probabilities for proecesses (10) and (11) for
the IF-CO; system and for the analogous processes for
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'OH‘ l" Ty ey Ty T 1
S HF(v=1) + C0,(00°0) ~~HF(v=0)+ CO,(nmo) |
& r T-127 —+HF(v=0)+C0,(00°))
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e
- ‘(" -
é\o .
- -134 N
Sz T
S ool & &{ e ~
=8 b i s . DF-co,
O - oi ° 4
& s o y
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4 oo ]
\\
o .Y“ -4
Y
.‘}. o
2 a & HF-CO, -
'0-3 L 1 1 i L1 ll ]
102 2 4 6 8103 2 3
TEMPERATURE (°K)
PIG. 10, Temperature dependence of the probabilities for ¢n-

crgy transfer between HIDF) and CO;: A, Bott
Kef. 4; 4, Bott and Cohen, Ref, 16; ¢,
Rel. 20; &, Stephens anl Cool,
Rel, 1; 0,

and Cohen,
Hancock and Green,
Ref. 19; o, Lucht and Cool,
present dati; O, Airey and Smith, Ref. 21,

the DF-CO, case, These measurements were obtained
from the right-hand intercepls of graphs similar to those
ol Figs, 8 and 9, us explained in I. The present resulls
and the corrected measurements of I ure in excellent
agreement with the overlapping results of previous
studies in the temperature range 300 °K-700 °K, The
low temperature (200-400 °K) variation in probability
with temperature, indicated by the dashed lines, ig
similar for both the HF-CO, and DF-CO, systems,

Observations were also made of the deeay of )
C0,(00°1) Iluorescence to provide measurements of the
rate constant sum, kg + Ly, for the reverse of process

S0 ol

1 1 1 | L 1 Il i
02 03 04 q.s 06 07 0.8 09 10
XCOZ
FIG. 11, Observed CO; fluorescence decay rates for tho final
stages of relaxation for HF=COy—argon and DF~CO;—argon

mixbres at 248°K as a finnetion of the reduced mole fraction of
COy.
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FIG. 12, Temperature dependence of the probabiliting for
CO,{00°1) deactivation by DF: A, Bott and Cohen, Ref. 16;
Stephens and Cool, Ref, 19; ®, Lueht and Cool, Ref, 1; 0,
present data,

-

(10) and the CO, deactivation process,

CO,(00°1) + HF(v=0) "2 CO,(mm0) + HF(y =0) . (12)

The procedure by which measurements of k; +k, were
obtained was hased upon ohservations of the dependence
of the decay rate, (p'7)!, of C0,(00°1) fluorescence in
the latter stages of relaxation upon the redueed CO, mole
fraction, Xc’oa. It was shown in I that when XéoZ ap-
proaches zero, that (4'7)! for {he CO, fluorescence de-
cay has the smaller of the two limiting values ky
vl ba/p’) o1 I 41y thy(p,/p’). Here by, is the rate
eonstunt for self deactivation of IIF(DF), k,, and ko, are
the respective rate constants for vibralional deactivation
of HF(DF) and-C0,(00°1) by argon, p, is the partial
pressure of argon, and p’ is the sum of HF(DF) and Co,
partial pressures. ror | F-CO, mixtures at tempera-
tures helow 700 °K ai) DF-CO, mixtures helow 400 °K,
it was found thut kyg 14, ( P/ D'Y> 0 4Ry v kg Da/b);
thus, for these temperatures the left-hand intercepts
(X¢o, =0) for data plots, such as that of Fig, 11, yield
values for the rate coustant sum, Mj+ky. All such
data plots exhibited a substantially linear variationt of
(p' 7)™ with Xéo,. This fact permitted the assignment
of useful upper bonds ou the values of k, to be made for
the DF-CO, duta, 2

The probabilities corresponding to the measured rate
eoustuut suins, &) +k,;, for the DF-COQ, system are
presented in Fig. 12 along with the results of previous
lieasurements. The large uncertaintles assoeinled with
the data for temperalures above 500 °K arise from diffi-
culty®® in the determination of kg +k, under eonditions
when Iy 4-degy + oo (p,/p?) was greater than kg &y n(pou/p).
It is posslble, although not certain, thatl the eombined
probabillty P! + P, reaches a minimum at about 400 °K,

For the HF-CO, case ky makes a negligible contribu-
tion to k] +k,, in the temperature range represented by
the probability data of Fig. 13. All of the presenily
awvailable duta are in good agreement and have a slmple
inverse temiperature dependence in the range from 200~
700 °K,
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TABLE I, Rate constants and probabilitles for vibirational
encrpy travsfer In the i =DF system,

T e e e —— e —— e+ e 4t
[ e s e T T T T L T e e

=)
Probaltalitjey®

Temperature Ky Mate constants (0% see 0 1oy )

.

' LRI k) Porly 1y
210 T Emee 1Ee 1.5 0.030 0. onn
219 L.6iz.0 7,041,0 0, 0039 0, 0033
245 a1, 5, 110,5 O, a8 0, 0085
250 LLOVE S 4,040, 5 0, 018 0, 0062
274 W4 01,3  awe0.5 0,014 0, 400
297% Re s 0,740,4 0,011 0, 0007
208 D048 31405 0,01 0, 0043
ant G,7510.5  2,1510,4 00097 ¢ oom
13 TLHANS  2,0510,4 AT o, 0035
A6 G.3:00,8  1.05+0,9 - 0.0001 0, 0y29
3950 1.410,3  1,410,0 0.0070 0,002
475° LU0 1,040,105 0.0054  0,6018
570° 30002 0,7510,1 0,001 0, 0014
578 1,8540,2 0,610, 0, (019

0, b1}

“Computed as deseribed in Ref, 1,
®Denotes corrected daty from Ref, 7,

D. Summary of experimental results

All of the corrected measurements of Refs, 1 und 7
are tabulated ulong with the present results in Tables
L I, and TII.  Upper hounds on the values of i, for the
DF-CO; system are given where possible; more acen-
raie estimates of k, for the DF-CO, and H F-C%, syg.
tems can in principle be giuined [rom delermination of
the pre-exponential factors in the equations [e. g., Igs,
(11) and (12) of Rel. 19] for the temporal variations in
HF(=1) or DF(y=1) and C0,(00°1) populuations. (n
practice tiis requires a precision in the determination of
the relutive intensiticy of HF(DF) and CO, Muorescences
which is difficult 1o achieve,

t. Discussion

Figure 14 provides u comparison of the 11" ind DI
sell-deactivation daty of Figs. 4 aud 5 with data f[or
HCL and HBr self-deactivation given in Ref, 31, The
teraperature dependence of self-deactivation for the DF,
HCL, and HBr cases are well chiracterized with no
lerge uncertainties of extrapolation between the high and

TABLLE 11,
syslem,
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FIG. 13. Temperaiure dependence of tihe prafobilities for
COMN0°L) deactivation Ly 11F: A, Dott and Cohen, Ref, 4;
©, Hancock am fireen, Ref, 20; o, Stephens and Cool, [efl,
19; &, Tueht fned Cool, el 1; o, prosont dabi,

low temperature data. The smooth curve drawn to rep-
resent HF seif-deactivation data can be considered well-
determined for temperatures helow 700 °K, thanks {o the
application of gas-dynaunic corrections, as discussed
here and in Ref, 18, For temperiatures above 700 °K

the H{F curve of Fig. 14 is dashed to indicate its r.pproxi-
raate nature hecause of the uuresolved discrepuancies he-
iween the resulls of the various shock tube studies.

The curves of Iig, 14 indieate an HF isolope effect
that merits further investigition, ‘The minima in the
probabilities for sell-deactivation of HF and DF appear
to occur at about 1000 and 700 °K, respectively,  Since
the intermolecular interaction potential is the same for
HF and DF, the difference must be attributed to the dy -
namics of the vibrution-to-rotation coupling respousible
for deactivation, Accurate measurement of such isotope
effects in the HF(DF), HCLUDC), and HBr(DBr) systems
presents o unique opportunity for tests of hoth the purely
dynamical aspects of theoretical models, as well as
those features dependent or the differences in interaction

Rale constauts and probubilities for vibrational energy transfer in the fir-co,

Teniperature (°)) Rate constants (10* sec™! - Porp-l)

Probgbilities?

T iy kA by by Py Pt Pyy Py :
205 PO, 6+1,0 B.0+1,5 7.0+1,5 0.0120  0.008L 0, 0071
22 B4kl 0 6,641,0 5.641,0 0.0110  0,00655 0, 0059
24R 040,06 6.140,8 4,610,7 0.0095  0,0068 0, 0051
267 G,7640,68  5,040,6 4,140.5 0.0088  0.0058 0, 0047
278 U, 040,65 4,040,6 3.540.6 0.0080  0,0047 0, 0041
2y5" G, G40, 4,940,3 2,9:0,8 0.0077  0,0059 0, 0045
200 SBTI04 425406 3, 08 £0.30,0078  0,0052 0, 0040
Huab d.4 00,8 3.1+0,3 2.4540,3  0,0068  0,0039 0, 0031
2o 4.5+0.4 43840.5  2,7220,4  0.0065 0.0043  0.0035
158 LU0 2,940,585 2,45:0.4  0,0061  0.0039 o, 2052
qupn 2,400,2 2,0560.2  t.85£0,2  0,0039 0.0030 0, 0027
s00* 2 10400.3  1,5540.2  1.5540.9 0.0038  0,0024 0, 0024
R L.hath 2 1.3540.2  1,25410,2 o, 0029 0. 0028 0, 0021
Gias 840,82 1.210,2 0,75+0,2 0,0025  0.0022 0. 0014

*Computed us deseribort in Itef. 1,
®Honotes corveetod Jdata From Ref, 1,

J. Chem, Phys., Vol, 63, No. 9, 1 Novemiber 19/5
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F1G. 14, Temperature dependence of the probabilities for
self-deactivation of HF, DF, HCI, and IiBr.

potentials for the NIF, HCI, and HBr cases.

The over-simplified model for self-deactivatinu of
HF and DF presented by Shin® does in fact predict the
occurrence of a minimum in the DF probabilily at a

slightly lowe:r temperature than that for HF, in qualitia-
tive agreement with the results of Fig, 14,

The interactions between HF-HF, DF-DF, and HF.-
DF pairs and between HF(DF) and CO, are characterized
by inverse temperatlure dependences for energy transfer
probabilities that arve stronger than 77 (see Figs. 7 and
10). No presently available theories for cuergy transfer
predict the strong inversce temperature dependence ob-
served for these processes.® Until the effeets of short
range anisotrupics in the intermolecular potentials cun
be included in a vewistic way, it is doubtful that good
agreemeunt between experiment and theory will be ob-
tained.  Fortwmtoly, progress ina priosi calculations
of energy surfaces has been rapid aud perhaps reason-
able interaction potentials for the F=H+++ F~H and F=
H-++ 0=C=0 systems are near at haud,

The existence of rapid ueactivation of HF and DF by
polymers at temperatures ~ 200 °K tniplied by the data
of Figs. 2 and 3 and by similar data recently obtained
by Hancock® sets a lower limil lo conceivable operating
temperatures fov HF and DF chemical lasers, The
sensitivity of the dependence of the observed sclf-deac-
tivalion rate for HF on the composition of (HF), species
inherent in Eq. (6) is well demonstrated in Fig. 3 for
DF. I the (HI), compositions were well characterized,
then deactivation rates for one or two of the lowest order

TABLE I, Rate constants and probabilities for vibrational eneryy transfor in the DF~CQ,

system,

Temperature

°K) Rate constants (10° sec™! - Torr™!) Probabititics®

T an leet by kd +lyy ke Py Dot Py PgtPy
204 4.8+1,5 0. 0056

206 34,0+4,0 4,5+0,7 =30 0, 035 0.0047
216 3.5+0,6 0, 0042

225 3.6640,2 27,543,0 2.6+£0,4 =20 0. 0043 0.030 0.0028
248 2,90+0,2 22,520 2.2+0,4 =16 0.0037° 0,025 0.0025
275 2,2040,2 17,7+£2,0 1.6+0,4 =10 0, 0030 0. 021 0,0019
281 2,0540,2 0.0028

298Y 1,8040,2 15.0£1,0 1,640,2 =8 0.0025 0,019 0.0020
3060 1,95+0,3 15,7+#1,0 1.5£0,3 =10 0. 0028 0,020 0.0019
325% 1,56:0,2 11,441,5 1,26+0,15 =5 0.0023 0,015 0.0016
329 1,5040,15 13,5%%.0 1,154£0,2 =6 0.0022. 0,018 0.00156
359 1,12+0,15 12,740.3 1,100, 3 =6 0,0017 0.017 0, 0015
400" 0,86+0,15 8,3+1,0 1.05.’_%'; =4,56 0,0014 0,012 0,0015
473" 0.574.0,06 7.3+1,0 1.018'; =4,5 00,0010 0,011 0. 0016
5648 0.60:£0,08 6.0+0,5 150 :g'; =4,5 0,0012 0.010 0,0022
o7 0.40£0,10 5,740, 8 1.018' :) =5,0 0,0009 0,011  0,0030

*Computed as described in Ref, 1,
YPunotes corrected data from Ref, I,
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polymer species could probubly be estinmuted throagh use
of Eq. (6). Alternatively, an accurate delermination of
the dependence ol deactivittion rate on IF pressure could
yield information concerning {HF), composition as a
function of temperature which might be more accurale
than that determined with convenlional methods based on
P=V-7T relationships or on infrared absorplion measure-
ments.,

*Supported by the Advanced Resceareh Projeet Agency under
ONR Contvacl NONOL4-67-A-0077-0006, by the U, S, Alr
Forece Office of Seientific Rescearch under Grant AFOSR-713~
2550, anmd by the Natloaal Acronautics and Space Administra-
tion under Grant NG1~33-010-064,
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Chemical Laser Studies

Professor §. H. Bauer
STATEMENT O OBJECTIVES

(i) To find conditions for generating rapidly (on the scale of 10-50 ps) very
high levels of clectronically /vibrationally excited BO*, BF*, BCLY, BOz*, or
other boron containing di or tri atomics, so that sueh systems may comprise the
baéis for ]a.sing; in the visible or ncar UV.

(ii) To measure the rates of rcaetion between B, BH, BIIZ, or BH3 radieals,

generated by mierowave stripping of boron eontaining preeursors, with oxidizers,

sueh as NF3, NZO’ NOz, and thus provide kinetie information for optimizing ' P

conditions for setting up lasing sg./stems.
(ili) To test the utility of initiating rapid reaetions between fucls, sueh as

BZH 6’ HgBCO, ete., and simple oxidizers by irradiating mixtures with intense

pulses of 002 laser radiation; in general, SF;; is added to the mixtures to serve

asthe energy absorbers-transmitter.

PERSONNEL

Dr. Josef Stricker, Post Doctoratc Research Associatc, terminated his
tenure on this projeet on 15 August 1974. Mr. John Haberman was appointed
while he was still at the University of Texas eomplcting his Ph.D. program. He i

did not arrive in Ithaea until 1 April 1975. During that interval shop work

continued on the construection, testing and revision of the pulscd 002 laser, and on i

¥ the beam sampling system for the flow reactor, with TOF-MS diagnostie. No

experiments were performed with this flow reactor during the report period.
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-4 DEVELOPMENT OTF TECIINIQUES

ATEApulsed CO, laser of a modified Seguin design, was construeted,

2
extensively tested, reeonstrueted and finally developed into a reliable and

reproducible deviee for genersting approximately 20 J pulses. These show a

rise time (which we estimate to be) of the order of 200 ns (it is too fast for our
detector-recorder system to measure aceurately), and a decay time (1/e) of

approximately 1.5 Us; pcak power are in the tens of megawatts. Triethylamine

is an cssential ingredient in the COZ—NZ—He mixture for upgrading of the energy

output. Good reproducibility is obtained with approximately 50 Kv excitation,

when the gas mixture in the laser tube is fully reblaeed between shots; this is not

essential for gencral operations. The b.irn pattern is clearly multi-mode, of

rectangular shape (20 x 42) mmz. About two months ago onc of the condensers i

failed; it was replaced and we reduced the operat. ng voltage from 55 to 48 Kv, to

minimize the chances for other failures. The test cells (eight) ave small,

hollowed out A blocks with rectangular front windows, 17 x 42 mmz, and two

2
round sidc windows, 15 mm 1.D.; the cell volume is approximately 22 cm . In
several cells a rear rectangular window was cut to permit measurcment of the

transmitted radiation intensity, or to provide access to the cell interior for

inscrtion of powder samples. All eclls have relief valves. We found that the

pressures developed during the rapid onset of combustion occasionally burst the

rock salt windows; even with the relicf valves extensive crazing of the windows

appears after half a dozen runs,

The operating procedure starts with several cells assembled, after caveful
cleaning of the walls, polishing the windows, etc. The cells are vacuum tested

and conditioncd with the fuel [BZI-I 135“9]- They are then re-ovacuated and

6!
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filled with the reagents [fuel + oxidizer + ST 6] taken directly from their
respective cylinders. [Lack of reproducibilities in rceorded light intensity, as
described below, have been traced to [ailures to properly condition the cells,
insufficient care in mixing the reagents, and to impuritics in the reagents. ]
Then, in rapid succession the cells arc exposcd to 002 lascr pulses and the
emissions recorded. The lascr beam is not focused.

The experimental arrangement is shown schematically in Figure 1. The emitted

chemilumineseence can be simultaneously recorded, both photographically

[ Jlt(k) dt] and photoelectrically [Is\j (t)]. The clectrical recording devices are
triggered by an amplified pulse from a LI\& cooled IR detector, which views the

reflected beam {rom a tilted NaCg cell entrance window.

The Tour-channel, Broad Band Photomctcr [4 CP]

The arrangemcent of the photometer is illustrated in Figure 1; both the top
view and an end view arc shown. The light from one round window is incident
on a polished square base prism, which directs thé Light: onto 4 filter-phototube
units. A sandwich cf two colored glass filters limits the range of response for

each phototubc to a selected broad spectral region (Xl - A The transmission

2)-
curves for the filters mulfiplicd by the corresponding photo-surface scnsitivities
are plotted in Figurc 2. The output scope records provide rough but ready gauges
of chemiluminosity [Iﬁ (t)], and permit the rapid comparison of intensities
produced by various combinations of fuels and oxidizers, to determinc thc effect

of total pressurcs, and thus serve as guides to thosc ranges of the spectrum

which merit detailed exxamination. In order to obtain light intensity calibrations,
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the reactor cell was replaced by a pecometrieally cquivalent box which holds a
|

\
i ‘ ' GE-3M flashbulb, of kmown speetral intensity distribution and total light output 1
[see belowl].

The Jarrell-Ash, 1 meter Spectrograph [JAS]

I As is indicated in Figure 1, a tilted mirror dircets the light emitted from the
other end window of the cell onto the slit of the JA grating spectrograph, which

has an effective aperture of £/7.8 and a dispersion of approximately 7 A/mm.

Each setting of the grating permits recording of a time integrated spectrum

[ JI()\) dt] for a 2000 & range from 2100 & to 8000 & . In these experiments

the resolution was determined by the slit width, which in turn was set by the
available light intensities. Generally we worked with slit-widths of approximately
80 um; this gave a plate resolution of 0.5 . While single shots were often
sufficient to record a diseernable spectrum, to enhance the photographie density
3-6 shots were sometimes superposed. Our reference spectra for wavelength
éalibl*ations were superposed utilizing 2 Hartmann disphragm. TRI-X
professional film No. 4164 was used; these have a high sensitivity ovef a broad

. spectral range.

The Optical Multi-channel Analyzer [OMA]

We borrowed an OMA system to rccord the speetral dependence of chemi-
luminescence on a time resolved basis. The SSRI model 1205A eontrol unit,

with model 1205D video detector, and model 1210 high voltage pulser were kindly

supplied by the Princeton Applied Research Corporation of Princeton, New
Jersey for a one week cvaluation. [We acknowledge with thanks  this courtesy. ]
! We wore somewhat disappointed in that no significantly new data were developed

during these trials. The following is a brief analysis of the limitation of OMA
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for our application.

The deteetor tube was mounted on a 1/4m JA spectrometer, with  fixed
slits. Each channel of the OMA (approximate 2.5 pm wide) provides a summed
signal covering 5 R of spectral information. However, in actual performance
we found that when it was free running the overall resolution [spectral plus
eleetronic] was closer to 10 f\, and for a single shot th('a added electrical noise
and background signals degencrated the attainable resolution to approximate
30 . Incasec of BO, where the band heads are double-double degenerate, the
resulting OMA speetra revealed only coarse features., The wavelength response
of the 1205D detector is limited énd not suffieient for a full study of the speetral
range of interest. The detection of efficicucy of the tube falls off very rapidly
below 400 um; see Figure 3. The minimum gating pulse width for model 1210
pulser is about 8 pis which is too long to permit us to study several of the narrow
emission "spikes" [refer to C and D data scts, below]. The most
severe limitation of this device is a cousequence of the digital nature of the OMA
output which limits the possibility of obtaining statistically significant results

. with high resolution from a single intense (fast) cvent, in contrast to providing

A}

useful information by superposing many faint events, each with a low S/N <1

characteristic. In our casec the BO molecular transition bands are superposed
on top of a large and almost continuous emission background, both of which arc

intense.

Fourtecn Channel (Moderate Resolution) Spectrometer (14 CS)

A multi-channel phototube array for the output of the one meter JA
spectrograph (refer to Figure 1) was constructed. Fourteen phototubes were

aligned such that each viewed 9.5 mm aperture which corresponds to a band pass
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of approximately 65 A » across the entire focal planc of the spectrograph, thus
covering a total of about 1750 A, A precision mask was machined with 14 opcn
and 13 closed sections cach 9.5 mm wide. By rotating the grating we can bring
the 13 previously bloeked portions of the spectrum in front of the opcn slots.
With this many channels the entire speetral output from the reaction can he
quantitatively rccorded, as a function of time, with a spectral resolution of 65 A
and with a minimum number of shots. Furthcrmore, the oscilloscope output
can be placed on an absolute basis so that total photon numbers can be deduced.
In practice, the number of channels was limited by thc number of dual-beam
oscilloscopes we can assemble. [This unit is nof yet operational.] In addition
we arc designing a mask and a set of slender mirrors which will allow us to
rceord, in a similar manner, the phototube outputs from sclected portions of
the speetrum (say 100 A wide) with a resolution of approximately 7 A. Thus,
once aﬁ interesting molecular band has becn identified, th;a time dependenee of

its intensity distribution on composition and pressure will be readily explored.

SUMMARY OT RESULTS

In the following seven combinations of reagents were tested utilizing the
diagnostics described above. The results for each of these mixtures are briefly
summarized.

A, BZHG + NZO + SF6 (low pressure range)

Typical oscilloscope traces obtained with this mixture (4 CP) arc presented
in Figure 4. A substantial peak in intensity appears in the 400-500 nm channel.
The output voltage at the peaks ranged from 15 to 20 volts across a 1 K ohm

resistor; the background level underlying this peak is about ¢ volts. This peak

Fadetn:
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occurs quite reproducibly 30-40 ps afler the initiating laser pulse. Tor the
particular run illustrated here the intensity recorded in channel 2 (300-400 nm)
was for some rcason enhanced by a factor between 5 and 10 over that normally
observed; this may be due to Si contamination from either the cell or the gas-
transfer line.

The photographic record of the spectrum show BO™ bands. Two shots on
TRI-X film were sufficient to show (weakly) details of the BO band heads in the
region 404 (1,0); 436 (1,1); 504 (0,2); and 555 (0,3) nm of the @ system. A
time resolved emission speetrum was then recorded with the OMA. The videecon
tube was gated "on" for 10 us infcrvals at selected times 10 s post initiation,
during the observed maximum, and 50 Mds post initiation. In every case the
violet end of 6 BO band heads (A21'I = 2'2) between 400-600 nm could be
identified, with an accuracy of 25 k. Gating the OMA on during the pulse, as
indicated in Figure 4, shows more emission at all wavelengths than when the OMA
was gated on for the same period before or after peak emission. In other words, the
emission maximum observed in channel 1 does' not appear to arise from a single
BO transition but from an overall enhancement of intensily. This may be due to
a rapid rise in chain-carrier concentrations, initiated by the combustion. The
relative intensity of the BO emission as recorded by the OMA during the intervals

designated before, during and after the maximum are 3.5, 5.0 and 4.0,

respectively. For comparison the relative flashbulb ealibrating intensity, measured

in thc same manner for a 10 ps gate [20 ms after flashbulb ignition) is about 3. 0.

On the basis of the manufacturer's rating of the equivalent black body colox
temperature for the GE-M3 flashbulb [Appendix II] the maximum peak output for

f this system indicates an emission from the sample which correspond to
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approximately 4 x 1019 photons (:111_2.50(:—1. We estimale that during the 11 ps
excess-cmission-peak /2 x 1017 photons are produced, while the integrated
emission is at least x 10 greater. The ccll contains 2. 8 x 1019 B atomns and
1.4x 1019 oxygens,

B. BZHG + N

20 + SF6 (high pressure range)

]

The (4 CP) was used to ovnluatc%mission fromm samples at higher pressures.
The results are illustrated in Figure 5; they are closely similar to the data shown
in Figure 4. The time for appcarance of the peak intensity is earlier somewhat
than that for the lower pressurc runs.

C. B_H _ + NO_ (with and without ST )
276 2 6

G

Since NO2 has an absorption band at 10.6 p we tested whether any Sl?‘6 is

esscntial to serve as an energy transfer agent., Mixtures of fvel + oxidizers
were run with and without added SF 6 Sample results are shown in Figures 6
and 7. The emission intensity (4 CP) differ by almost a factor of 2, with

greater emission gencrated by samples that contain SF,,. However, most of the

6
data werce taken without SF6 to remove the possibility of superposed S; emission.

The scope traces indicated no strong peak emissions; the emission time profiles
do show several small peaks.

To obtain integrated speetral distributions (JAS) for B2H

N

6 + NOZ’ multiple
exposurcs were taken -~~~ four exposures were superposcd to record 350-550 nm
range, and 6 exposures were superposed for the 450-650 nm range. The band
systems for BO and BO2 were clearly evident. Nine of the eleven BO bands

(AZH 5% 2}3) arc clearly identifiable over the 350-650 nm speetral region. On
scveral plates the double-double degraded band ho.ads of BO can be readily identified;
all the ohscrved bands were degraded to the red. The BO2 maxima recported by

Pcarson and Gaydon were also recorded on these films, The results obtained ‘

with the OMA were identical with those found for the A ar{d B mixtures. The violet




ends of seven BObands were identilicd. The relative inter sities of BO and
flashbulb cmissions are,respectively, 4 and 3. On the same scale, the relative

intensity of the BO emission j.caks from the BZII 6 + NZO + SF6 mixtures (A)

is 5. In addition,the OMA indicated several BO, maxima. When it was gated

2

"on'" at late times the sodium D lines were clearly observed (unresolved).

D. Mixturces of BZHG + 02 + Sl«G

Figure 8 shows typical oscilloseope scans (4 CP) for such mixtures; no
obvious sharp peaks in intensity appear.

B, Bng + NZO + SFG

Typical scans for this mixture (4 CP) arc illustrated in Figure 9. The time

evolution of the emission is similar to that obscrved for BZH o + N20 samples,

as shown in TFigurc 4. In this case, however, the emission intensity is 1/5 to

1/4 of that when BZI-I o is used as a source. We were not successful in reeording

discernable emission speetra by superposing 2 shots from this mixture.

F. B51-19 St N02 it SF6

The (4 CP) records for this mixture are shown in Figure 10. Intcresting
time dependent emissions appear in channels 1 and 4, eovering the spcetral range
400-640 nm. Further study of this sample is underway.

G. 135119 + O2 & SF6

Typical (4 CP) traces arc shown in Figure 11. Chamel 1 (400-500 nm) reveals
an interesting intense emission; additional studies are required to identify the
emitter,

At this stage we made a direct test of the role of'SFG, in view of the

O

observation that under some conditions [when SiH 4 is used as a fuel, etc.] intens




L

¥

SZ cmissions essentially dominated the speetral distribution. The question is

whether in the ease of the boranes, SFG aets solely as an cnergy transfer agent.
The pressure of ST 6 in the sample cell determines how much energy is absorbed
by the mixture., When too little is present initiation of the oxidation reaction is
considerably delayed, and the total intensity is low. When the SFG pressure is
too high the sample mixture is not uniformly irradiated. When low partial
pressures of SF6 (less than approximately 22 torr) were used, non-uniform and
unreproducible emissions were recorded; specifically little emission was
observed (4 CP) during the first 40-50 s as indieated, in Figure 12, Compare

these results with the scope traeés shown in Figure 4.
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CURRENT PROGRAM AND PROJECTIONS

The immediate task is to complete the installﬁtion of the 14 channel,
moderate resolution attachment to the JA spectrometer, and to calibrate the
speetral and electronic response for cach of the chamels over the entive
wavelength range. This will require a significant number of hours; however,
we are convinced that this time will be well inve_sted. Meanwhile, we shall
continue with the design and construction of a 10 channel, high resolution, mask
consisting of 10 slits approximately 1 mm wide, each to provid;: 7 R band pass.

In our search for an optimum fuel-oxidizer combination, we propose to
focus on those BO bands for which the lower states have high v" values both in
the o and B systems, and to selcct portions of the spectrum at which there are
no underiying BOZ'WBands. On the basis of experiments described above with

B,H, and B_H
v

P ,» and correlary observations made by Dr. Graydon K. Anderson

9

in his studies of attack on H3BCO, it appears that H_BCO and H3BPF are fuels

3

of high potential for BO* production, The prob.lem herc is to find oxidizers with

3

which these reagents are compatible, so that mixtures could be prepared for

laser irradiation. We plan to test Nzo, OF2 and possibly NF3. The use of

these fuels suggest another intriguing possibility. If it is demonstrated that
pulsed BO* and BS® lasers could be prepared, flame lasers could be developed

based on mixing flows of BH2 or BH radicals with suitable oxidizers in rapidly

flowing streams. However, prior to setting up such experiments basic data on the
rates of reaction between O, S, 02, NZO’ or FZO and BH and 'BH2 will have to
be obtained. This we could do with the flow veactor and TOF-MS diagnostic. The

current status of the reactor, nozzlé ‘and beam chopper is illustrated in Figure 13.

e
-
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We have on hand the components needed to construet a long narrow cell,

with internal reflecting wells for near-axial irradiation of its content. A laser
cavily for the visible and near IR range will be set up along the axis of the cell.
We will thus have the facility for testing sclected mixtures for the onset of
lasing.

We also propose to look into the possibility of generating substantial
concentrations of C, -’32, and C 3 hy the pyrolys{s of 0203: SF . mixtures with

6

incident 10.6 p radiation, both under pulsed and ew conditions. If successful

this could lead to lasing via reactions of C_ with 0CS and/S}
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APPENDIX I

To test for uniformity of sample irradiation we set up the configuration
shown at the top of Figurc 14. The SF 6 pressure was varied and the trans-

|
|
' mitted power was measured. The resulls are plotted in the accompanying graph,
Each sodium chloride window reduces the power by approximately 18%. Note

that the test cell has a 3.8 em path length and 2 windows, in contrast to a single
window and 2.7 em path length for the gas mixtures used in the emission

experiments. Reduction of the data as illustrated in the graph, shows that

approximately 60 torr of SF6 almost completely absorbs the incident radiation,

This was derived by exirapolating the curve in Tigurc 14 for detected power

Vs pressure of SFG’
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APPENDIX II

The M3 flashbulb derives its luminosity from the combustion of Zr
ribbon in an atmosphere of oxygen. The spectral distribution, over the interval

350-725 mm, corresponds to a color temperature of T _ = 405001{, (cited hy

M3
the GE lamp division). The source is optically thick; c(ZrO2 at =400 nm) = 0., 40,
Hence the equivalent black body temperature (e = 1) is 485001{. From Wein's
radiation law, for a AX = 90 nm (full width at half maximum for the filter
transinission X phototube sensitivity curves) centered at 445 nm:

J = 1.57 x 102 €, watts stcr-l

AX ) ’

The solid angl;e viewed by the detector is 0.056 ster. [Note: since the identical
optical gcumetm; was maintained for the flash bulb and reaction cell, this
quantity cventually cancels], The arca of emitter is 2.0 cmz. _Also, at 445 nm,
E=4.47Tx 10—12 ergs photon—l.
We derive: WX[;\3 = 3.90 x 1018 photons secnl/cm2 of receiver
Figurc 15 presents the (4CP) oscilloscope outpt‘1t when a GE M3 flashbulb was
ignited in the location of the reaction cell. The FWHM in channel 1 is ~36 ms,
The recorded maximum output (1.5 v) represents the above magnitude for W AN

For comparison, the chemiluminescent intensity produced by

[B2H + N,O +SF.; Fig. 4] is a factor of 10 greater at its peak [i.e. 15 v signal].

67 w2 6’

Hence the corresponding

W,, (B.H) ~4x 10%° photons sec™-/omZ of receiver:
AN V276 :
Assuming the light emitted is isotropic, and that the gascous veaction mixtures arve

optically dense (thus we under-estimate the photon emission), the tetal light

A T A A LS T o A i 1 e 8 - e s
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output is ~225 times that picked up by the detector. Hence, during the brief
interval of 11 ps [FWIIM for the excess-emission-peak]

17
N AL (B2H 6) ~2 2 x 10" photons were generated. During the emission spike:

Nh (lelﬁ) o
# B's A u_
We estimated the total emission is at least 10 times greater than that produced

during the spike. Thus, we obtain approximately one photon per seven bcron

atoms,

MRATK L S agato s SR L Ll
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The above traces show the filtered phototube signals (4 CP) produced by a M3
flashbulb., The impressed voltage on the pho’otubes was 1150 v. The signal
from the sample cell monitoring window (or calibration cell) is attenuated by
a mask which is perforated by 11 (small) holes (attermation factor 198) and by
a sandwich composed of 1,2 'density and 0.9 density neutral density filters

(additional attenuation factor 126).
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